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SUMMARY 
The effects of the temperature-time history during coal devolitization and oxidation 
on the physical propenies and the reactivity of resulting char were studiei.d experimentally 
for temperatures and residence times typical of pulverized combustion. Ex.periments w~e 
also carried out at somewhat lower temperatures and correspondingly longer residence 
times. 
An electrically heated laminar flow reactor was used to generate char and measure 
the rates of oxidation at gas temperatures about 1600K. Partially oxidized chars were 
extracted and characterized by gas adsorption and mercury porosimetry, optical and 
scanning electron microscopy, and oxidation n a thermogravimetric analysis system 
(TGA). A different series of experiments was conducted using a quadrople electrodynamic 
balance. Single particles were suspended electrodynamically and heated by an infrared 
laser in an inert or oxygen-containing atmosphere. During the laser heating, measurements 
were taken of particle mass, size/shape, and temperatlU'e. 
A question pervading interpretation of drop tube oxidation experiments~ or single 
particle oxidation experiments using the electrodynamic balance is the effect of particle 
shape. For convenience, previous modeling studies and data analyses have postulated 
spherical particles. In this part of the project we set out to examine the error made by 
assuming spherical particles and to find out how well a nonspherical particle may be 
approximated by a spherical particle of suitable effective radius. 
The results of the two series of experiments and of the theoretical study will now be 
briefly outlined and descx·ibed in more detail in Chapters 1-4 below. 
Flow Reactor Experiments 
Chars were generated from a hv A bituminous coal in a laminar flow tube reactor in 
an atmosphere of Ni or 1 -5% 02 in N2 and at l 600K temperature. The chars were 
characterized by elemental analysis for carbon and hydrogen contents, N2 adsorption for 
BET surface area and pore size distribution, and by oxidation in a thermogravimetric 
analyzer at a temperature of 773K. When heated in neutral or oxidizing atmosphere, the 
great majority of the hvA bituminous coal (PSOC 1451) particles undergo a series of 
structural changes. Hollow spheres are formed, followed by particle fragmentation. In l 
or 5% oxygen, oxidation proceeds both externally and intemally at approximately constant 
diameter until the onset of fragmentation. For all of the chars, the surf ace area and the pore 
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volume in the size range 15 to 120 A increased dramatically with.in the first 100 ms from 
the values of the original coal. The ratio of carbon to hydrogen increases with residence 
time. Carbon conversion at 1600K also increased with increa.sing oxygen pressure, while 
the low temperature (-5CXYC) char reactivity measured in the TGA experiments decreased. 
Sigriificant s'trucnual reorganization occ1.ltTed either simultaneously with devolatilil.ation or 
after devc)latilization depending on the oxygen concentration. The presence of oxygen 
appeared to accelerate the structural changes and decrease the reactivity of the char. The 
experimental results indicate a strong re.lation between char properties and experimental 
conditions. This relation could have important implica.tions or1 the modeling of coal 
combustion and on combus.tion design and ope-ration. 
Electrodynamic Balance Experiments 
An electrodynamic balance was constructed having hemispherical endcap electrodes 
and a right cylinder ring. The electrode cell was housed in an evacuable stainless steel 
chamber of 250 cm3 volume. The atmosphere in the chamber was controlled by the flow 
of gases of the desired composition. A 20-watt C02 laser was used to heat the particle. 
Before, during, and after heating the panicle was observed with a microscope and a video 
camera. The temperature of the panicle was measured with a two-color IR pyrometer. 
One series of experiments concentrated on the ignition behavior of Pittsburgh No. 8 
coal char particles of 150 .. 300 1.1.m diameter and synthetic char pal'ticles (Spherocarb) of 
140~240 µm diameter. In a typical experiment, a charged char particles was suspended in 
the electrodynamic balance and heated by a 500 ms pulse of radiation from a C(h laser. 
The oxygen concentration in the ambient gas, initially only nitt0gen, was slowly increased 
as successive laser pulses were given, until the partide ignited. Once ignition occurred, the 
panicle lost charge and dropped from the center of the balance. 
The temperature traces of particles that ignited clearly show an induction time. or 
ignition time 111g., as predicted by the solution of the time dependent equation for a heated 
particle. Tile t~ffect of increasing the oxygen concentration is also ~1een in the increasing 
equilibrium temperature at sub-ignition conditions, though it was not quantifiable in this 
study. A simple isothermal sphere model was use.cl with parameters obtained from the 
literature which adequately predicted the experimentally obtained time·temperature histories 
of igniting Spherocarb particles. A re~sonable fit to the bituminous char data was achieved 
using rate parameters detem1ined in an earlier drop tube study. These experiments provide 
the first examples in which the oxidation of char during ignition is rigorously modeled and 
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compared with existing .literature data. The electrodynamic balance can be used in ignition 
experiments to measure the apparent char oxidation rate parameters, and probe particle-to--
particle variations in ~e apparen.t kinetics. 
The second series of experiments using the electrodynamic balance focused on the 
densification and other structural changes of char during heating and oxidation. 
A typical experiment started by trapping a single particle in the ekctrodynamic 
balance. The size of the particle was measure.d in the horizontal and vertical directions 
using the eyepiece micrometer. Photographs were taken through the viewing microscope. 
The COi laser was allowed to stabilize with an external shutter closed. Panicle heating was 
then initiated by opening the shutter. The pyrometer signal was monitored on the 
oscilloscope and recorded by the data acquisition system. The particle position was 
balanced manually. The heating pulse was ended by closing the external shutter. 
Photographs were again taken to re.cord any changes in particle size and shape. 
Coal chars (Pittsburgh No. 8) ge.nerated at 1600K and 1200K were heated in 
nitrogen and in air. Heating the 1600K char in N2 at about lOOOK did not induce any 
change in size or shape-the char was not densified. Likewise the "greener" char 
generated at 1200K underwent no cha11ge in size or shape following heating at 1 OOOK. 
When the J.600K char was heated in air to as much as 56% conversion, no change in size 
or shape was observed but the particle became lacy and translucent, indjcating full oxygen 
penetration into the macropores, and no densification. The 1200K char, on the other hand, 
underwent significant stuinkage upon oxidation in air under the same conditions. The 
shrinkage was largely due to densification by thermal rearrangement of this "greener" char. 
Inasmuch as no shrinkage took place upon heating in nitrogen, the observed densification 
wa~ not purely thermal but could only take place in the presence of oxygen. The synthetic 
char (Spherocarb) exhibited behavior simil0r to that of the 1200K coal char. Heating in 
nitrogen engendered. no shrinkage, but heating in oxygen resulted in significant shrinkage 
despite the fact that reaction proceeded in regime I (low Thiele modulus). 
The experiments on shrinkage have imponant implications for modeling of char 
combustion. The particle size change is not merely a result of the balance between reaction 
and pore diffusion. The Thiele modulus may not be sufficient for predicting whether !he 
particle burns at constant size, constant density or at an intermediate mode. Densification 
must also be considered, at least for "green" chars those that had not been previously 
exposed to very high temperatures. 
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Analysis of Combustion of Nonspherical Particles 
The analysis of nonspherical particle combustion was made for the regime of 
shrinking core re~ction. The first problem addressed was the calculation of the 
pseudosteady temperature and oxidation rate for a particle of given shape. This problem 
involves the solution of the external diffusion and heat conduction equations with the 
reaction entering as a boundary condition over the particle surf ace. Using the boundary 
integral method, the problem was reformulated as a system of two coupled integral 
equations which were solved numerically yielding the following results. For particles of 
equal volume, the pseudosteady temperature is nearly independent of shape, but the 
combustion rate increases with increasing aspect ratio. 11le local combustion rate varies 
moderately over the panicle surf ace increasing with the distance from the particle center. 
The total combustion rate depends on the particle surface area alone, i.e., particles of equal 
surface area but different volumes and shapes have the same rate. This dependence on the 
surface area is less than linear, becoming linear only in the limit of low Damkohler 
numbers. The complete transient problem addressing the evolution of particle shape and 
particle temperature during burnout, was similarly formulated by the boundary integral 
method and solved numerically. Over a broad range of parameters, the pseudosteady 
particle temperature and rate of oxidation are very nearly equal to those of spherical 
particles of equal volume and surface area respectively. The transient solutions obtained 
for parameters typical of pulverized combustion show that dwing burnout the particle 
becomes increasingly nonspherical. As expected, nonspherical particles bum faster than 
spherical panicles of the same initial volume, but the difference in burnout times is less than 
20% for initial aspect ratios between one and three. 
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1. INTRODUCTION 
Coal combustion is a major source of energy for electric power generation in the 
United States. Cuntntly 50% of electric power is generated from coal, 19% from nuclear 
fission, and the remainder from hydroelectric, oil- and gas-fired, and miscellaneous solar 
and wind power stations, Solar power generation is very expensive and is currently 
economical only in small scale specialized applications. Although technical progress is 
made continuously gradually reducing the cost. solar power is not expected to become a 
major factor in the next two decades. Wind power is becoming competitive but is limited to 
certain favorable geographic regions. Among the fossil fuels coal is by far the most 
abundant in the U.S. and will remain the major source of elecnical power generation in the 
foreseeable future. The share of nuclear power generation is also expected to remain 
significant and possibly grow over the next few decades. 
Although practiced for more than seventy years, pulverized coal combustion-·the 
workhorse of the industry-is presently undergoing active development. The main is-sues 
as well known are the control of sulfur dioxide, nitrogen oxides and particulates. Several 
competing technologies have been developed but the cost of control remains high, hence 
the contin••ing research and development effon. As far as sulfur oxide removal is 
concerned, postcombustion wet or dry processes and precombustion beneficiation are 
mature te.chnology which, however, will continue undergoing incremental improvement. 
Nitrogen oxide control is less settled with combustion modification and postcombustion 
catalytic reduction, both undergoing development and limited commercialization. 
Modification by staged air addition, or special bwner designs intervenes in the basic 
chemistry of combustion and hence can affect both NOx generation and the composition 
and size distributiJn of t1yash. These pollution control issues cannot override the 
requirement of complete combustion within the residence times afforded by the boiler. 
The design of coal-fired boilers has been, in the past~ guided by experience and 
relatively simple empirical procedures. The demands of tighter pollution control and higher 
combustion efficiency, provide now the incentive for using detailed and fundamentally 
based mathematical models to assist the design of new or retrofit installations. A detailed 
mathematical model of a coal-fired boiler is inevitably very complex, for it must incorporate 
turbulent fluid dynamics and heat transfer with the homogeneous and heterogeneous 
combustion chemistry. Two-dimensional and lhree·dimensional models have been 
developed tracking the fluid and particle phases and a simple treatment of the combustion 
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chemistry. It is impractical to attempt a complete description of all these phenomena. 
Idealization and empiricism are still essential. 
This research project has been addressed to certain problems in heterogeneous char 
oxidation. Although only one component of the combustion process, heterogeneous 
oxidation takes up the bulk of the residence time in the boiler and is responsible for the 
generation of most of the flyash pollutions. Seemingly a simple process in reality is a 
microcosm of physical and chemical phenomena and has been a long standing subject of 
experimental and theoretical resemch. 
It is traditional to differentiate between the physical properties and chemical 
structure as controlling in distinct ways the course of heterogeneous oxidation. However at 
the level of the finest pores, below 10 A diameter, the physical and chemical properties 
blend and cannot be clearly differentiated. It remains useful, nevenheless~ to retain this 
distinction and we shall do so in this discussion. In both experimental characterization and 
modeling work, the physical propenies of interest are size/shape surface area, and pore size 
distribution, the latter often summarize.cl into an effective pore diffusion coefficient. Dwi.ng 
burnout, the pores are enlarged with the surface area, pore. size distribution and effective 
diffusivity changing accordingly. Recent modeling work has attempted to characterize 
these changes with idealized geometrical models but major difficulties remain. For 
example, the statistical averaging implicit in all pore models becomes highly questionable 
when the penetration depth of oxygen is comparable with the size of the larger voids in the 
char, as is often the case in pulverized combustion. 
The chemical property needed to describe char oxidation is the intrinsic reaction 
rate, i.e., the rate per unit pore surface area Ther<! is no unambiguous choice of surface 
area for this purpose. Both the N2 BET surface area and the Dubinin-Polanyi C02 surface 
area have been used, and one roay be better than the other for a given experimental 
situation. Whichever of the twc. areas is used, however, the idea is that the local reaction 
rate r can be expres~ as the product of the local intrinsic rate ri and the local pore surf ace 
area per unit volume, S(X): 
r (p,T) = r1 (p,T) S(X) 
where p is the local pressure of oxygen, T is the local temperature, and where X is the local 
conversion. In this simple decomposition, which has been the basis of all detailed 
modeling work todate the intrinsic rate incorporates all chemical factors and would vary 
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from char to char, but is assumed independent of conversion. The surface area on the other 
hand, varies with conversion tracking the changing pore geometry. 
This project was addressed to the efforts of the thermal history of char on its 
subsequent reactivity towards oxidation. Thennal history here means the temperature-time 
history during both devolatilization and oxidation. Posed in terms of the reaction rate 
expression above, the issues under consideration are: 
i) the effect of temperature time history of devolatilization on the 
intrinsic rate and the porous structure at the onset of oxidation 
ii) whether the intrinsic rate (at fixed T,c) remains constant or varies 
during oxidation. 
1.2 Organization of Report 
Chapter 2 of this report describes the experiments on coal devolatilization, char 
characterization, and measurement of char reactivity at high temperatures (- l 600K) and 
lower temperatures (-SOOK). These cxperinjCnts focus on the effects of the thennai history 
on the physical properties and reactivity of the char. 
Chapter 3 describes the experiments on the oxidation of single char particles in the 
electrodynamic balance. The major result of this chapter is that certain chars suffer thermal 
densification or shrinkage upon heati111g in the presence of oxygen, quite apart from the 
shrinkage due to burnout Chapter 3 also describes some interesting ignition measurements 
carried out with the electrodynamic balance. 
Chapter 4 is based on a paper recently accepted by COMBUSTION SCIENCE AND 
TECHNOLOGY. It describes our theoretic a.I work on the combustion of nonspherical 
particles. This work is not directly related with the effects of thermally induced changes, 
but is of more general interest in the model.i Jg of panicle com.bu,stion. 
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INTRODUCTION 
Devolatilization and char oxidation are the two major steps involved in coa' 
combustion. The first step is rapid and the second is slow. In pulverized coal combustion 
devolatilization takes 10-100 ms. Char bwnout requires as much as 1 second, making it the 
rate limiting step for the overall prcx;ess. However, devolatilization determines the initial 
physical and chemical properties of the char, e.g., particle density, swface area, porosity, 
as well as molecular structure. These properties, in tum, govern the char combustion 
kinetics. 
Wells and Smoot (1991) used canonical correlation analysis to determine the 
relationship between the reactivity and the chemical and physical properties. For different 
coals, rank had a significant correlation with reactivity. The same result was found for 
chars extracted by pyridine. For pyrolyzed chars, the relative importance of effective 
factors was found to be catalysis by metal ions > porosity > total hydrogen. The cation 
activity was found to be in the order of Na > Mg > Ca>> K. 
Anson et al. ( 1971) described in great detail the structural change of a low rank and 
a medium rank bituminous coal burning in air. On being exposed to high intensities of 
radiation, coal panicles typically soften. The rapid generation of volatiles causes particle 
swelling and production of large holes on the particle external surfaces. With the 
completion of devolatilization, the swelling ceases, and after a short time interval (about 40 
ms for 250 µm diameter particles) the particles undergo a marked contraction fonning rigid 
skeletons. After contraction, the initial burning of the residue took place at approximately 
constant diameter. Reactions occurred around the pore mouths until the char particles 
fragmented. Samples of lithotypes of both low and medium rank coals were heat-treated in 
the furnace at a temperature of 1073K for 150 ms. The measurements of the surface areas 
of these samples by xenon adsorption confirmed the trend toward increasing surface with 
decreasing rank. The surface area for 53-63 µm Acktcm Hall coal (CRC 502) bW1ling in 
air at about 7 5 ms was about twice that of the original coal. As the residence time increased 
to 85 ms, the surface area increased from 111 to 125 m2/g on dry ash free basis. The 
surface area starte.d to drop near the completion of de:volatilization. It was 88.5 m2/g at 
approximately 130 ms, while the devolatilization ended at about 150 ms. Under the same 
conditions, the measured sutface area of Rawdon coal (CRC 902) was almost constant at 
residence ti.me of 85 ms, then decreased progressively with time. The surface area dropped 
rapidly around the time of the completion of devolatilization from 121 m2/g at 130 ms to 55 
m2/g at 180 ms. The variation of surface area of semi-anthracite coal particles during 
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oombu.stion was. measured by Sm.iitl1 and Tyler (1972) at te.mperatures, of 1400K to 2200K 
and oxygen fractio·ns about 0.1 and 0.2 atn1~ . Thie surface areas first increased then steadily 
decreased with burnout. ~n1c p1e.ak appea.i-ed betwe~n ab<>ut 15 to 35% burnout, 
corresponding to the coal panic:ie sizes 78 to 6 µ_m. The surface areas als.o decreased with 
increasing gas temperatures. The particle size and density botb deer.eased with bum.out, 
indicating that oxygen partially pe"nc.trated into the pore structw:c. 
Particle size, den.sicy t porosity, pore size, and surf ace area have brien found to .have 
imponant influence on the combustion behavior of paitides. When combustion is limited 
to a Shallow 1.one below the outer 1urf ace, p.article.s bum with constant density but with a 
steady reductio~ of size. Wh~n oxygen pcnetrate.s completely within a porous :'article, 
combustion occttrs ac constan~ size but with decreasing density. Thin .. walled cenospheres 
were concluded to bum with reducing density but at constant size whether oxy,gen 
penetrated the pore or not (Smitl1, 1982). 
An.son, et al. ( 1971) rep·orted that the composmon of c;oal influenced the 
morphology of hollow spheres fonned during devola.tilization. Panicles of vitrain and 
clarain, con'lposed mainly of vitrinitc, produced spheres with thinner walls compared to 
those obtained from durain partic.les. Morv!over for vitrain Md clarain particles there was a 
namrd.l progression toward more exten.siv:e internal structures with decreasing rank. 
The structural transfonnations that oct::ur whe:n carbons are heat.·ed to hi1gh 
temp·eratures have been studied ·CXtensi ~·ely, but me4umrements of Strl!ctural chLmges 
occurring on the shon time s.cale of pulve:ri.xed coal combustion are extremely limited. 
Smith and Tyler (1972) C1ollccted partially burned chars of a semianthracite from a laminar 
flow furnace arbd examined them by optical mieroscopy, porosimetry and Xwray diffraction. 
The micropore swface area was found to decrease with burnout. A sharpenjng of a graphite 
band in the X-ray pattern indicated that. some structural ordering wok place. Such ordering 
was also observed after partial combustion of glassy carbons (Levendis and Ragan, 1987). 
Oxygen was observed to catalyze the structural transforr.1.ation (Leven.dis et al., 1989). 
Haussma.nn and Kruger ( 1988) measured the change in the hydrogen and nitrogen to 
carbon ratios with carbon conversion at 1'750K and 7.6% Qi, and at 1300K and pure argon 
for 55 µm Montana Rosebud subbitum.inous coal. In the oxidizing atmosphere, both H/C 
and N/C ratios decreas.ed until around 50% carbon conversion, then varied very ~lowly. 
The chars exposed to pure argon u.nderweru. a decrease of the H/C ratio, but almost no 
cha.nge in the N/C ratio with carbon conversion. 'The change of H/C ratio indicates 
reorganization of the c.artx"n matrix, but the chemica.l structures evolved have not been 
11 
studied in any detail. TI1e decrc.as.e in the r'C'lCtivity of the carbonaceous maierial that is 
c!xpected m accompany these changes: could have imponant implkations to combustn~ 
design and operation. In the present workv we examine the structural chaiilges occurrulg at 
<;ombustion temperatures and tirnes ..,JPical ofpulveri.7~ combustion and pro~ the effect of 
the changes on the rate of char ox.idation. 
JEXPERl~lfENTAL METHOOS 
Charr Formation 
Chars were trJlde from a high-volatile A bituminous coal (PSOC 1451 ), the 
properties of l\vhich arc given in Table 1. The coal was pulvcrfa~ed in a mechanized mcmar 
and pestle in air. It was then size classified by sieving on a mechimical shaker,. The 45"53 
µm coal size fraction was dried by heating in nitrogen at lCXYC for one hour and then 
cooled to room temperature before char production. The expc~rirmental system has been 
described in detail elsewhere (Sahu, 1988) and is only briefly described ht:re. Combustion 
experiments were conducted in a laminar flow rube furnace (Applied Test Syste011, Series 
3310) consisting of an alumina tube of 5 cm internal diameter 3Jld 71 crn length heated by 
Kanthal Super 33 clements" .. Ibe gas tempcrat11ll'CS were measured with a S'-1,ction pyrometer. 
The isothermal zone of the reactor was about 30 cm long. TI1e wall tempt..:rature was 
maintained at 1748K to 1773K, depending on the residence time, to pmduce a gas 
temperature of l 600K at the center of the isothermal zone in all experiments. The 
temperature at the ends of the isothcnnal zone dropped about 10%. Coal particles were 
injected into the alumina tube through a water-cooled injector at a rate of 3 gm hr· 1. 
Experiments were performed in pure nitrogen o~· in mixtures of 1 or 5% oxygen in 
nitrogen. The coal chars were collected on 0.4 µm tuclepore filters with a wat.er-cooled,, 
gas dilution quench probe. The residence times of th~ coal particles inside the furnace were 
varied by adjusting the gas flow rate and the position of the sampling probe. Both size 
classified, dried coal and the chars producr.d in the drop··tube fumace were stored under 
nitrogen aunosphere. 
Char Characterization 
Elemental Analysis 
The mass fractions of carbon, hydrogen, and nitrogen in various char samples were 
detennincd by a Model 240 Elementa~ Analy ... t:.r. These ana.lyses were base.cl on detecting 
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and measuring the combustion products of carbon dioxide, water, and nitrogen in pure 
Ol(ygen at a temperature of 860·c. 
Surface Area 
The surf ace areas of the chars were obtained by a modified volumetric adsorption 
technique described by Nonhrop et al. (1987). The gas adsorption isotherms were 
measured by continuous addition of adsorbate gas (N2 at 77K) to the sample (see Appendix 
A). The apparatus was calib1rated with y-alumina. The relative measurement uncertainty is 
aboul~ ±15% for a surface are.~ of 1 m2 gm-1 and decreases with increasing sample surface 
area. The repeatability of the measurements was tested with duplicates using ( 1) the same 
sample; (2) or different samples of the same matedal. Each paiI of measurements agreed to 
within 20% (Table 2). 
Por,e V l :ume Distribution 
The BET model is usually applied to a relative pressure range 0.04 <PIP 0 < 0.30, 
where P ·is the vapor pressure of adsorbate. At higher relative pressure, capillary 
condensation occurs in porous solids due to the surf ace tension induce.d pressure difference 
across the curved meniscus of the condensed vapor. The s.ize of the capillary can be 
calculated by the Kelvin equation, 
(1) 
where y is the surface tension, v is the molar volume, e is the contact angle, L is the radius 
of a cylindrical pore. For a slit pore, L is half the distance between the walls. R is the gas 
constant and T is the absolute temperature. 
Using the capillary condensation model including multilayer adsorption in 
cylindrical pores, Wheeler (1946) deduced that the specific pore volume V(r) was related to 
the volume of nitt'-'.>gen desorbed over a small segment on the desorption branch of the 
isothenn v(r) by 
r 
v(r) ::: t!. ... ::_t(r))2 V(r) + dr f 2'' :...!1..!:.1 V(r')dr' (2) 
t r dr r'2 
'o 
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where r is the radius of the pom, t is the thickness of the adsorbed layer of gas. The first 
tenn on the right accounts fo1t liquid evaporated from the pores, and the second term 
represents the amount of gas d.esorbed from free surfaces. However, Wheeler was not able 
to solve Eq. 2 for the unknown V(r) at that time. Cranston and Inkley ( 1957) later 
developed a method to calculate V(r). The volume of pores having radii, r, in the range 
r1 Sr S r2 is estimated to be 
(3) 
where 
( 
'1 )' R 12 = ~ 1 J r_.::...!..J_ dr 
'2 - '1 r 
'2 
k12 = 4(t2 - t1), and t12 = (t2 + t1)12. V ,A,. is the volume of pores having radii between rand 
r+Li,, where Li, is very small compared with r. 'The quantity v 12 is the total volume of 
nitrogen adsorbed during the adsorption step from pressure P 1 to pressure P2, where P 1 
corresponds to the critical radius r1 and P2 to radius r2• The quantities t; and t2 ae the 
adsorbed layer thicknesses at the pressures P 1 and P2, respectively. The t values were 
given by Lippens et al. (1964). We used Eq. 3 to estimate pore volume distributions from 
our adsorption measurements. 
Char Reactivity 
High Temperature Conversion 
To calculate the conversion of the chars generated under different atmospheres and 
ref)idence times, the ash content of the samples was used as a tracer by assuming that the 
mass of the ash remains constant. Measured amounts of air--0.ried chars were burned in air 
at a temperature of 80CYC for more than 5 hours. The ash content was then detenn: :\OO 
gravimetrically from mass measurements made before and after complete combusL Jn. 
From the known ash content, the char conversion can be derived as follows: 
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Ill I 
(4) 
M,hm= M h + M 
as c 
(5) 
where Mc is the mass of combustible material. The relative ash contents of the coal and char 
M M 
samples, Rash =Mash , 
coal 
and R = Mash , are determined experimentally. The 
ash char 
measurement error is about± 5%. The mass of char produced from a given mass of coal is, 
(6) 
Combining Eqs. 4 to 6, the conversion of combustible material, 77, be..comes 
M M R - Rasla 
11 -
coal - char _ ~-as_la ___ _ 
M - , 
c R (1 - Rash) 
ash 
(7) 
Low Temperature Coriversion 
Chars were oxidized under a flow of 5% 0 2 in N2 at 773K in a Dupont model 951 
Thermogravimetric Analyzer (TOA). The typical sample size was about 5 mg. The sample 
was first heated in nitrogen at a. rate of 30 K min-1 to the desired temperature. Oxygen was 
then immediately introduced. The measurements were conducted under isothermal 
conditions. The gas flow rate was 150 cm.3 min·1 for all runs. This flow rate was selected to 
avoid entrainment of the low density mat1erials while eliminating diffusion resistance. The 
sample mass was continuously recorded using a data acquisition system. To correct for 
different ash contents of the various chars, the mass of ash was deducted from the total 
mass. Although the reaction was allowed to proceed for 2 hours, some unreacted 
combustible material remained. The temperature of the TGA was increased t.o 1073K after 
about 90% conversion to burn out completely the residual carbon then reduced back to 773K 
when the ash mass was rccord~d To discriminate between the TGA measurements and those 
obtained in drop-tube reactor experiments at high temperatw'C, the TGA conversion is labeled 
z, and defined separately as 
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(8) 
where M initial is the sample mass at the moment oxygen was admitted. 
Results and Discussion 
Properties of chars produced under different conditions are listed in Table 3. The 
char morphology was examined by scanning electron microscopy. As Fig. 1 shows, the 
original coal paiticles were angular with a maximum aspect ratio about 5. Upon exposure to 
1600K in nitrogen for 100 ms (Fig. 2), the particles started to change shape to spherical. At 
the same time the evolution of volatiles and trapped gases opened the pores on the particle 
surface (Fig. 2). These pores had a very broad size range from less than 1 µm to larger 
than 20 µm. Numerous ash particles appeared on the surface of char particles. When the 
residence time was increased to 200 ms, the particles became quite spherical (Fig. 3 f, and 
"BIO\v -holes" (following the terminology of Anson et al., 1971) appeared on the particle 
surface. As the residence time was funher increased to 300 ms, the coal panicles became 
cenosphcres (Fig. 4). ln 1 % oxygen, the "blow-holes" appeared only for the 100 ms 
sample (Fig. 5). At 200 ms, the particles had lost a large fraction of their mass but kept 
their integrity by cross partitions (Fig. 6). Fragmentation occurred after 300 ms of 
combustion (Fig. 7). Raising the oxygen concentration increased the combustion rate. In 
5% oxygen, the morphology of char particles collected at 100 ms was similar to that of the 
particles generated at 200 ms in 1 % oxygen (Fig. 8). At 200 ms residence time, the large 
loss of mass caused some particles to lose their integrity (Fig. 9). T'ne fragmentation was 
significant after 300 ms residence time (Fig. 10). Comparing the original coal and the chars 
proouced in nitrogen and oxygen, the char particles are more spherical as a result of the 
softening and swelling ()f the coal particles upon injecti::m in the furnace. Although the 
original coal was sieved into a narrow size cut, the irregular panicle shape prevents a direct 
evaluation of the degree of swelling. This irregular shape as well as the variation of the 
chemical composition among individual coal particles resulted in char panicles possessing 
va.ried visible structures. The char particles seemed to bum at constant size until they 
fragmented. Comparison of the chars generated in nitrogen and oxygen showed some 
differences. Firstly, a great number of pores of less than 5 µm diameter appear on the 
surface of char panicles produced at 100 ms in nitrogen. After dcvolatilization, cracks were 
formed at the thinner walls of the hollow panicles (Figs. 3 and 4). Some particles were 
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then broken into small fragments. In an oxidizing atmosphere, oxygen penetrated into the 
interior of the panicles through the opened pores and mass removal by oxidation was 
observed around the pore mouths. Fragmentation took place only when almost all carbon 
was consumed (Figs .. 6-8). Secondly, quite large ash particles appeared on the surf ace of 
nitrogen chars. The ash particles for oxygen chars were relatively small and adhered on the 
carbon skeleton. They grew gradually by coalescence as reactions proceeded. 
Figs. 1 to 10 show the fonnation and growth of macropores. Infonnation about the 
micropores (15 Sr S 120 A) and the total surface area was obtained by N2 adsorption. For 
all of the chars, the surface area and the volume of micropor~s increased dramatically 
within the first 100 ms over the values for the original coal, indicating new pore formation 
and the pore growth (Figs. 11 to 15). The trends at later times, however, differed. The 
swf ace areas and pore volumes of nitrogen chars increased with time. The peak observed at 
about 20 A in the pore volume distribution of N2 char, and the change of C/H ratio (Table 
3) suggested that there were still some small molecules released when the residence time 
wa,s increased to 200 ms. In oxygen atmospheres, both surface area and volume of 
rnicropores first increased and then decreased after 100 ms. The decrease of micropores 
could be caused either by pore closure or pore growth to larger sizes. It should be noted 
that although the oxygen concentration in these experiments was only 1 to 5%, the bulk gas 
concentration did not change appreciably along the reactor because of the small coal feed 
rate. 
Little infonnation is available about the change of char surface area with the 
pyrolysis time of coal. Anson et al. (1971) and Smith and Tyler (1972) reported direct 
observation of surface area changes during coal combustion. The surface area for 53-63 
µm Ackton Hall coal (CRC 502) particles burning in air at about 75 ms was about twice 
that of the original coal (Anson et al., 1971 ). As the residence time increased to 85 ms, the 
surface area increased continuously, from 111 to 125 m2 g·1 on dry ash free basis. The 
surface area started to drop near the completion of devolatilization. It was 88.5 m2 g·1 at 
approximately 130 ms, while the devolatilization ended at about 150 ms. Smith and Tyler 
( 1972) measured the variation of surface area of semi-anthracite coal particles during 
combustion at temperatures of 1400K to 2200K and oxygen pressures about 0.1 and 0.2 
attn. The surface areas first increased then steadily dropped with inc.."Teasing burnout. The 
peak appeared between about 15 to 35% burnout, <~orresponding to the coal particle sizes 
78 to 22 µm. The surface areas also decreased with increasing gas temperatures. The 
particle size and density were found both to reduce with burnout, indicating that the oxygen 
panially penetrated into the pore structure. The surface area of char generated in nitrogen 
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for two seconds was also reponed to decrease when burning in air (Sahu, 1988). Smith 
and Tyler ( 1972) collected partially burned chars and examined them by optical 
microscopy, porosimetry and X-ray diffraction. They reponed that macropores (> 0.02 
µm) increased with burnout, but micropores ( < 0.02 µm) decreased. A sharpening of a 
graphite band in the X-ray pattern indicated that some structural ordering took place. The 
decrease in surf ace area was believed to be related to the closure of micropores associated 
with thermally induced alterations in solid structure. 
The ash content and the carbon conversion (11 as defined in Eq. 7) in chars 
produced under different conditions are plotted in the Figs. 16 and 17. In our drop-tube 
reactor experiments, the bulk of devolatilization of coal particles in nitrogen was completed 
within 100 ms as shown by the approximately equal ash contents of Nl and N2 chars, 
although there were some changes of C, H, and N contents measured by elemental 
analysis. The volatile yield was 10% higher than the value given by the ASTM proximate 
volatile analysis (Table 1) due to high temperature and the rapid mass and heat transfer. The 
weight loss, or conversion, increased with oxygen concentration. For the chars generated 
in oxygen, conversion also increased with residence time. The conversion calculated with 
initial carbon the carbon remaining after pyrolysis in N2 for 100 ms, and excluding ash is 
given by 
1]' = T/ - TIN_L 
(1 - TIN1) 
(9) 
are listed in Table 3. Even within 100 ms, there was 26% fixed carbon bumed in 1 % 0 2 
and 18% more in 5% 0 2. By 300 ms, more than one third of the fixexf carbon was lost in 
1 % 0 2, and over 80% fixed carbon was consumed in 5% 0 2. Jost et al. ( 1984) studied the 
devolatilization of pulverized coal in a flow tube reactor at gas temperatures beniveen 1300K 
and 2000K and oxygen concentrations between 7% and 16%. They reported that the 
devolatilization rates increased with increasing oxygen concentration for a given gas 
temperature. They suggested that energy from the oxidizing volatiles was fed back to the 
coal panicles, increasing their temperature and thereby the volatile release rate and yield. An 
increase of the particle temperature due to the oxidation of volatiles was also reported by 
Seeker et al. (1981). Devolatilization rates and yields increase with panicle temperature 
have also been observed in experiments by Kimber and Gray ( 1967) and Kobayashi et al. 
(1977). 
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The char conversions, x as defined in Eq. 8, are measured with the TGA and 
plotted in Figs. 18 to 20. The apparent reaction rates in Figs. 18 to 20 were obtained by 
differentiating the conversion curves. The char reactivities were obviously affected by the 
charring history. In all cases the char reactivity decreased with the content of oxygen. As 
shown in Figs. 18 to 20, the apparent rates increase sharply dwing the first 5 to 10% 
carbon conversion and then decrease. This phenomenon could result from the gradual 
chemisorption of oxygen. The sample was initially heated in nitrogen to reach the desired 
temperature·. Oxygen was then immediately introduced. The ge\S composition over the 
sample, however, changes gradually from pure nitrogen to a final mixture of 5% oxygen in 
nitrogen. Jenkins et al. (1973) suggested that oxygen complex fonnation at the surface and 
char activation may also be important at this early stage of conversion. After the apparent 
rates reached the maximum, they decreased with time. The difference in apparent rate 
among the various chars decreased with conversion. After 60 to 70% carbon conversion, 
all the chars oxidized with quite similar rates. At the low temperature of the TGA 
experiments, the reaction is under kinetic control as it can be shown by an estimate of the 
Thiele modulus for the reaction. To achieve 70% conversion needs 40 :o 60 minutes. 
During this long period, the t~~ore reactive fraction of the combustible material would have 
burned, leaving behind the more inert fraction. Significant reorganization of char structure 
could also have been completed. Therefore, the difference in chemical and physical 
propenies of the various chars, which affect the reaction rate, could have been largely 
eliminated resulting in more uniform oxidation rates. 
Conclusions 
Structural changes of char and their effect on char reactivity have been examined 
under pulverized coal combustion conditions. When heated in neutral or oxidizing 
aunosphere, the great majority of the hv A bituminous coal (PSOC 1451) particles undergo 
a series of structural changes. Hollow sphere are formed, followed by particle 
fragmentation. In 1 or 5% oxygen, oxidation proceeds both externally and internally at 
approximately constant diameter until the onset of fragmentation. For all of the chars, the 
surface area and the pore volume in the size range 15 to 120 A increased dramatically 
within the first 100 ms compared with the original coal. The ratio of carbon to hydrogen 
increases with residence time. Carbon conversion at 1600K also increases with increasing 
oxygen pressure. But the char reactivity measured at the low temperature TGA experiments 
was decreased. Significant structural reorganiz.ation occurred either simultaneously with 
devolatilization or continuously after devolatilization depending on the oxygen 
19 
concentration. Oxygen appeared to accelerate the structural changes and to change the 
reactivity of the char. 
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Table 1 i Properties of Raw Coal 
PSOC# 1451 
Rank HVAB 
Location Pennsylvania 
Seam Pittsburgh 
Proximate Analysis(%) 
moisture 2.54 
ash 13.32 
volatiles 33.56 
fixed carbon 50.58 
Ultimate Analysis (%) 
~~h 13.32 
carbon 70.05 
hydrogen 4.55 
nitrogen 1.33 
sulfur 1.33 
chlorine 0.07 
oxv2en• 6.81 
FSI 7.5 
*moisture excluded 
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Table 2 Repeatability of the Surface Area Measurements 
a. The measurements with the same sample: 
Sample Sample Size Surface area Specific Surface Area ~s 
(2lll) (m2) (ml/gm) ST 
1%02 0.0596 0.412 8.28 0.259 
200ms 0.511 10.43 0.205 
5%02 0.1066 0.378 3.54 0.198 
200ms 0.453 4.25 0.166 
5%02 0.0908 0.410 4.51 0.176 
300ms 0.482 5.31 0.149 
y-Al2~ 0.0136 2.12 155.1 0.118 
2.37 173.9 0.105 
b. The measurements with the same material: 
Sample Sample Size Swfru,.;, :rea Specific Swface Area ~Smu 
(gm) (m2) (m2/gm) Si 
N* 2 0.2181 2.77 15.7 0.013 
200ms 0.2145 2.68 15.5 0.013 
1% 02 0.1164 0.811 8.36 0.248 
200ms 0.0596 0.511 10.43 0.198 
0.1405 24.0 170.8 0.092 
y-Al2°'3 0.0497 8.39 168.8 0.093 
0.0136 2.12 155.1 0.101 
*The char was 53-90 µm, and generated from 38-74 µm coal. 
,;; 
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Table 3 Characterization of PSOC 1451 l 600K Chars 
, 
char time name R conversion (%) S (m2 gm-1} mean mass fraction (%) asla 
(ms) (%) Tf 1 11'2 total da.f.3 c H N 
100 Nl 18.0 46.6 - 4.15 4.58 68.02 0.86 1.14 
(21.6)4 (3.04)4 (3.27)4 
N2 200 N2 l7e7 45.S - 14.2 16.8 83.49 0.98 1.08 
(22.63)4 (12.7)4 (15.7)4 
300 N3 - - - - - 82.97 0.81 . 0.845 
100 011 22.9 ti0.5 26.0 10.2 12.6 73.96 0.80 l.32 
(21.7)5 (9.33)5 (11.3)5 
1%02 200 012 22.5 59.6 24.3 6.97 8.36 74.51 0<(i9 1.30 
(27.5)4 (5.01)4 (6.08)4 
300 013 25.5 65.1 35.8 - - 74.99 0.65 1.20 
100 051 28.3 70.3 44.4 17.2 23.1 64.63 0.88 1.21 
5%02 200 052 37.2 80.2 62.9 3.54 4.34 60.04 0.73 1.12 
300 053 58.4 91.6 84.3 4.51 7.77 48.16 0.64 0.835 
r 
*l. Ruh= 10.5 (%); 2. TlNl = 46.6 (%); 3. Suh= 2.19 (m2 gm-1) 
4. The char was 53~90 µm, and generated from 38-74 µm coal; the coal feed rate is 5 gm hmu·1. 
5. The char was generated from 53-61 µm. 
C/H 
79.09 
85.19 
102.4 
93.03 
108.0 
115.4 
73.17 
82.81 
75.83 
Fig. 1 Unreacted PSOC 1451 coal particles 
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Fig. 2 Char particles produced in N2 at .1 00 ms 
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·~1r , 111 r '11'111 ' 1,11111,fl 11 ~ , • 1 r 1 ~1 1 ' 
1 r I 1 " 
Fig. 3 Char particles produced in N2 at 200 ms 
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Fig. 4 Char particles produced in N2 at 300 ms 
28 
Fig. 5 Char particles produced in l % 0 2 at I 00 ms 
29 
Fig. 6 Char particles produced m l % 0 2 at 200 ms 
30 
Fig. 7 Char particles produced in 1 % 0 2 at 300 ms 
31 
Fig. 8 Char particles produced in 5% 0 2 at 100 ms 
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Fig. 9 Char particles produced in 5 % 0 2 at 200 ms 
33 
Fig. 10 Char particles produced in 5% 0 2 at 300 ms 
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CHAPTER 3 
EXPERIMENTS WITH THE ELECTRODYNAMIC BALANCE 
The Ettect of Char Formation Temperature on the Densification 
of a Bituminous Coal Char during Gasification 
(Manuscript to be submitted for publication) 
Laser Ignition of Levitated Char Particles 
(Manuscript to be submitted for publication) 
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The Effect of Char Pormation Temperature on the Densification of a 
Bituminous Coal Char during Gasification 
a. A. Wong*, G. R. Gavalast and R. C. Flagant 
*Department of Environmental Engineering Science 
tDepartment of Chemical Engineering, 
California lnstin1te of Technology, Pasadena, CA 91125 
Abstract 
It has been observed that certain char particles shrink when oxidized under 
kinetically limited conditions, instead of reacting at constant diameter, as expected. This 
study was perfonned to determine whether or not char from PSOC 1451 coal, prepared at 
different temperatures would also shrink during low temperature gasification. Coal chars, 
formed at l 200K and 1600K, were levitated in the electrodynamic balance and heated with 
a carbon dioxide laser. The 1200K char did shrink, while the 1600K char reacted at 
constant diameter, as expected under the kinetically limited conditions. Therefore, the time 
and temperature history of a char is an important factor in detennining how it might react 
during subsequent oxidation. 
•Author to whom correspondance should be addressed at the Chemical Industry Institute of Toxicology. 
P. 0. Box 12137. Research Triangle Park. NC 277('1). 
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Introduction 
The combustion of pulverized coal occurs in two steps: First, as the coal p .. rticle 
heats up, devolatilization occurs. Moisture and low vapor pressure organic compone1 · :- are 
first driven off, and thermal decomposition of some of the carbonaceous structure c.1-.· ~urs 
(Field1; Smoot and Smith2) resulting in tar evaporation. The residual material, te.med 
char, is enriched in carbon and mineral components. The char reacts with oxygen and 
burns out until only the mineral matter remains. Depending on the particle temperature, 
char oxidation occurs in one of three regimes. The first, at low temperatures, is the 
kinetically limited regime (regime I). The reaction rate is controlled by the kinetics of the 
surface reaction of carbon with oxygen. The oxygen can diffuse through the pores or the 
particle faster than it reacts, so the oxygen concentration is uniform throughout Jte por JS 
particle. At higher particle temperatures, the reaction rate becomes so fast that . ne 
oxidation is controlled by the diffusion of oxygen through the porous particle as well as by 
the surf ~e reaction. In this diffusion limited regime (regime m, oxygen from the bulk gas 
penetrates only partially through the particle, and the oxygen concentration goes to zero at 
the center of the particle (Walker, et al.3). In the third regime (regime 1m, boundary lay~r 
diffusion controls the oxidation nLte. The reaction of carbon with oxygen is so fast that tl:e 
oxygen concentration is essentially zero at the surface of the particle, and the rate is 
controlled by the diffusion of oxygen through the boundary layer surrounding the ch2:-
particle (Smoot and Smith2). 
If we define x as the conversion, or the ratio of mass of carbon reacted to the initia: 
carbon mass, mo 
then 
m0 -m x= mo 
m nd3 o + .2 - x> = ~ 
mo Podo 
(1) 
(2) 
where m8 is the mass of the ash in the particle. Equation 2 can be divided into two 
equations 
m, a d = do (1 + -- - X) mo 
47 
(3) 
(4) 
where 3a + P = 1 (Smith4). In the kinetically limited regime, carbon loss occurs 
throughout the particle~ provided that the temperature of the particle is unif onn, and oxygen 
is able to penetrate through to all of the inside surf ace area, i.e., there are no closed pores. 
In regime I, the diameter stays essentially constant and ex= 0, while the density decreases 
linearly and ~ = l, until the conversion is nearly complete. In Figure 1, showing the 
relative volume, (d/do)3 as a function of conversion, the top line corresponds to regime I. 
If a particle bums in Regime ill, carbon loss will occur only near the external surface of the 
particle. The density will remain constant and the diameter of the particle will decrease, so 
a = 1/3 and ~ = 0 (constant density line in Figure 1 ). The area in between, then 
corresponds to Regime II and the transitions between I and II and between II and III. In 
theory, then, following the diameter or density of a particle as a function of conversion 
should provide information about the regime of reaction. Note that the calculations and 
data presented in Figure 1 describe an ash free material, i.e.t Spherocarb. For a mineral-
bearing material, the volume would decrease to that of the mineral residue at 100% 
conversion. 
Smith5 observed that for a semi-anthracite in the temperature range 1400-2200K. 
the particles decreased in size and density as they reacted. This was also observed by 
Waters et al. 6 for Spherocarb particles in the same temperature range. Smith cite.cl the fact 
that the particles decreased in size and density as an indication that the particles were 
burning between regimes I and II. Smith and Waters calculated a = 0.25 and ~ = 0.25. 
Neither Smith5 nor Waters et al.6 observed any influence of temperature on the particle size 
or density change because of the experimental scatter in the data. 
Hun et al.7, observed that some chars, notably Spherocarb and sucrose char, did 
not gasify at a constant diameter in regime I (temperature less than 873K), as expected, 
but instead "shrank." At 60% conversion, the spherocarb particle diameter was about 81 to 
87% of the initial diameter. For a sucrose char, the particle shrank to about 88 to 92% of 
the initial diameter, at 60% conversion. The particle density was not measured directly but, 
based on the change in size with mass loss, the density did not decrease as much as 
predicted, hence, the particles of both materials were said to have "densified." Other chars 
(Montana Lignite, Pittsburgh #8 bituminous) did not shrink, but maintained their initial 
diameter through 60% conversion. 
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The Spherocarb data of Waters et al.6 is shown with the Spherocarb data of Hurt 
et al. 7 in Figure 1. The best fit line for Water's data, with a = 0.25 is compared with· the 
best fit line for Hurt's data, with a = 0.177 (calculated by the authors). The line shifts 
towards the conittant diameter line at higher temperatures, a.-; expected. The observed 
shrinkage either means that the coal structure changed, as they postulated, or the particles 
did not burn in the kinetically limited regime. Since Hurt et al. observed, at the same low 
temperatures as the shrinking chars, that some chars did oxidize without shrinkage, the 
former possibility is the more likely. They also observed that external features, such as 
pore diameters, decreased in size at the same rate as the particle diameter (Hurt et al. 7). If 
the reaction was occurring without shrinking, the pore diameters might be expected to 
enlarge as the particle reacted. In a later paper, Hurt et al.8 presented evidence that oxygen 
penetrates completely into the microporous regions of the spherocarb at temperatures of 
673 to 873K. The reactivity of the Spherocaxb carbon was found to be independent of 
particle si7..e with the calculated effectiveness factor equal to unity, indicating that all the 
pore swface participated in the reaction. The adsorption equilibrium time in BET gas 
adsorption measurements of the char surface area was much shorter for Spherocarb than 
for sucrose char, a completely microporous char. From this evidence, Hurt et al. 8 
concluded that the oxygen penetrated completely tlu-ough the micropores of the Spherocarb 
and reacted there under kinetically limited conditions. 
l:fart observed shrinkage and densification in some but not all chars. Presumably, 
then, structural changes that a char may undergo dwing oxidation depend on the initial coal 
or ~arbon structure. Some coals, particularly bituminous coals, appear to be quite "plastic" 
and upon devolatilization, may swell to several times their original size (Field et al.1 ). The 
resulting chus may have very large macropores, and become cenospheric. It might seem, 
then, that chars made from such swelling coals would be prone to structural changes during 
subsequent oxidation. This study was undertaken to determine if a swelling coal char from 
the bituminous coal PSOC 1451 does indeed densify, and if so, the effect of char fonnation 
temperature on the densification phenomenon. 
) ·-
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EXPERIMENT AL 
The particles used in this study were Spherocarb and char made from a high volatile 
bituminous coal (Pittsburgh seam PSOC 1451). Spherocarb is a commercially available 
carbon material (sold as Carbosphere by AHtech Associates, Inc.). It consists of spherical 
particles of high purity carbon with a high specific surface area (nominally 1000 m3/g). 
Spherocarb has networks of·both micro and macropores with 0.39 cm3/g in micropores, 
and a porosity of 0.33 in pores> 200 A (Floess et al.9). 
Coal char particles were made from PSOC 1451 bituminous coal by Sahu et al. 10 
Briefly, the chars were made as follows: PSOC 1451 coal was ground and sieved. Coal 
particles in the 104 to 125 µm fraction were entrained in a stream of nitrogen and passed 
through a drop tube furnace to a temperature of 1200 or 1600K for two seconds. The 
collected panicles were washed in tetrahydrofuran and resieved. Chars in the 125 to 17 5 
µm, 17 5 to 208 µm and 208 to 295 µm size ranges were selected for study. 
,Table 1 lists measurements by Sahu et al. 10 of the apparent density, o A, total 
porosity, EA, porosity of pores less than 64 A, and pore volume and pore surface area 
based on mercury porosimetry for PSOC 1451 coal and chars. The apparent density 
decreases as char fonnation temperature increases, as does the total porosity. Only the 
1600Kchar shows an appreciable microporosity, i.e., 19%. The pore volume and surface 
area increase as the coal is converted to char7 however, there are only slight differences 
between chars. According to Sahu et al., chars formed at lower temperatures developed 
bimodal pore size distributions, while high temperature chars developed trimodal pore size 
distributions. The l 200K char showed a bimodal distribution of pore volume and pore 
area with significant volume in the macropore region and significant area in the micropore 
region. The l 600K char contained similar micro and macroporosity, but, additionally, 
showed significant area and volume in the socalled transition pore region, around a pore 
diameter of 500 A (Sahu et al. 10). For the 127 to 175 µm fraction of the 1600K char, the 
total porosity was 47%, while the pore volume fraction contained in pores smaller than 64 
A was 19%. The total porosity of l 200K char was 33%, with no significant 
microporosity. The physical properties listed for the chars are average values for the entire 
size range. As we chose to work with the larger char panicles, it is expecte.d that the 
mac..'Toporosity for these panicles are even larger than that listed in the table. The large 
chars, particularly the 208 to 295 µm diameter particles,, were cenospheres. 
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The use of the electrodynamic balance for studying char oxidation has been 
described elsewhere by Spjut et al. 11 , Hurt et aL7 and Bar-Ziv et al.12• A brief description 
of the system used in this study is presented here. The electrodynamic balance consists of 
two endcap electrodes with a DC voltage across the electrodes. A charged particle is 
suspended in the electric field against gravity. A ring at mid plane between the endcap 
electrodes is charged with an AC voltage. If the particle deviates in any direction from the 
center of the cell, the pamcle is subject to a time-averaged force from the AC field that 
pushes the particle back toward the center (Davis13). 
A microscope with a total magnification of 15x was used to view the particle. A 
1 Ox eyepiece micrometer (American Optical Co.) was used to measure the size of the 
particle in the horizontal and vertical directions. The suspended particles were videotaped 
using a catadioptric microscope (Questar QM"l) and a video camera (COHU, Inc., model 
4810). The output from the video camera was shown on a monitor (Electrohome, EVM) 
and recorded by a videotape recorder (Panasonic AG~ 1830). Still photographs were 
obtained by photographing the monitor, or by using an adapter coupled to a standard 35mm 
SLR camera that fit over the viewing microscope and a standard 15x .eyepiece. 
The panicle suspended in the EDB was heated with the radiation from a 20 Watt 
carbon dioxide laser emitting at 10.6m. The t ~am was split and directed by mirrors into 
the chamber vertically to heat the particle from top and bottom. The intensity of the beam 
intercepted by the particle was controlled by ZnSe lenses and by moving the focal point 
closer or farther from the particle. 
The temperature of the particle was measured using a two-color optical pyrometer. 
Radiation emitted from the heated particle is collimated by a CaF2 lens and split by a grating 
beam splitter. One arm of the split beam was focused by a CaF2 lens through a 3.4 ± 
0.0685 µm interference filter onto a liquid nitrogen cooled InSb detector. The other arm 
was focused through a 1 .. 5 ± 0.037 µm interference filter onto a thermoelectrically cooled 
InGaAs detector. The outputs from the detectors was sent to a logratio amplifier (Analog 
Devices 757). The output from the logratio amplifier was monitored on an oscilloscope 
and sent to a data acquisition system. 
A typical experimented started by trapping a single particle in the electrodynamic 
balance. The size of the particle was measured in the horizontal and vertical directions 
using the eyepiece micrometer. Photographs were taken through the viewing microscope. 
The COi laser was allowed to stabilize with an external shutter closed. Particle heating was 
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then initiated by opening the shutter. The pyrometer signal was monitored on the 
oscilloscope and recorded by the data acquisition system. The particle position was 
balanced manually. The heating pulse was ended by closing the external shutter. 
Photographs were agam taken to record any changes in particle size and shape. In many 
cases, after heating, the particle was rotating about a vertical axis. If the particle was very 
irregularly . shaped, photographs were attempted when the particle rotated through its 
original position, if that could be determined Particle sizing was repeated, at the same 
orientation; if possible. 
RESULTS 
The Spherocarb and char particles were heated at temperatures up to lOOOK. 
Figures 2 and 3 show the.temperature traces of a Spherocarb and a 1600K char heated in 
air. The particle temperature could be maintained only to within SOK. Irregular particle 
shape, strong photophoretic forces, and long term fluctuations in the intensity of the laser 
contributed to the temperature fluctuations. The primary focus of this paper is on the 
structural rearrangements of the char during kinetically limited oxidation. As long as the 
peak temperature experienced did not take the particle out of Regime I oxidation, the 
fluctuations should not affect the basic results. 
The effectiveness factor was calculated for the Spherocarb and char particles at 
1 OOOK to verify that the oxidation reaction was occurring in the kinetically limited regime. 
The classical calculation of the Thiele modulus and effectiveness factor (Smith14) were 
carried out using the effective diffusivity reported by Hun et al.8 and Arrhenius rate 
parameters for the intrinsic rate coefficient reported by Floess et al.9 A Thiele modulus of 
0.15 at lOOOK was calculated, which gives an eiiectiveness factor of unity. The method 
discussed by Smith15 was used to calculate the effectiveness factor for the bituminous char 
particles. Based on the measured reaction rates and the effective diff usivities reported by 
Sahu et al. 10, the effectiveness factors for all the char particle.s studied were also unity at 
lOOOK. 
Photographs of the. backlit particles showing their silhouettes are shown next. 
Figures 4a and 4b show a Spherocarb particle, before and after heating for 10 minutes in 
nitrogen. The particle has clearly retained its size and general surf ace features. Another 
Spherocarb particle before heating in air is shown in Figure 4c. The same particle, after 
62% conversion is shown in Figure 4d. Note that the top and bottom of the particle are 
flattened, at the locations of the incident laser beams where the temperature was higher and 
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the oxidation faster. The horizontal diameter is reduced from 196 µm to 175 µm, and is 
indicative of the s.luinking of Spherocarb~ 
Figures Sa and Sb show PSOC 1451 coal char made at 1200K before and after 10 
minutes heating in nitrogen. This particle clearly retains its size, shape and overall feanues. 
Figure Sc shows a photograph of a 1200K char, before hea.ting in air, w1,.~1e Figure 5d 
shows the same char, at 48% conversion. The diameter decreased from 230 m to 200 m~ 
clearly showing some shrinkage. 
Figures 6a and 6b show PSOC 1451 coal char made at l 600K before and after 11 
minutes heating in nitrogen. Again, there is no change in the size or appearance of the 
particle afta heating in nitrogen. Figure 6c shows R. photograph of a 1600K char, before 
heating, and Figure 6d shows the same char, at 56% conversion in air. 1be vertical 
dimension remains approximately the same at 222 µm, and the horizontal dimension also 
remains approximately the same at 160 µm. Note also. that the particle becomes lacy and 
translucent. As the cenospheric chars oxidize, the thin walls become more ttansparenL-
The experiments in nitrogen show that the shrinkage of the particles is not due 
simply to heating, but in some way~ is related to reaction with oxygen. When the char is 
heated in oxygen, some particles shrink, others do not. The relative volume as a function 
of conversion of Spherocarb is plotted in Figure 7. Each symbol represents a different 
Spherocarb particle. The dotted lines connect data from experiments on one particle. The 
particle volume was estimated by assuming that it was an oblate spheroid with volume 
~· iia2 b where a is the major axis and b is the minor axis. The relative volume and 
conversion for Spherocarb particles is listed in Table 2. The relative volumes determined in 
the present experiment appear to lie S()mcwhat lower than the measurements of Hun et al. 7 
and approach the range of measurements of Smith' and Waters et al.6• As noted above, a 
comparison of the data of Hurt ct al. with Smith and Waters et al. suggest that the 
shrinkage increases with inc.TCaSing temperature. The slightly higher temperatures of the 
present experiments may account for the differences with the observations of Hun et al.7, 
but experimental differences cannot be ruled out. Unfortunately, the uncertainties in each 
data se~ preclude quantitative determination of this temperature dependence within each set 
of measurements. 
Figure 8 shows the relative volume versus conversion for the bituminous char. 
The points for the 1200K char (the open squares) are scattered, but generally show 
significant shrinkage, roughly along the same line as the data of Hun ct al.7 for 
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Sphcrocarb.. The points for the 16(l )K char (solid circles) mostly lie very close to the 
constant density line along the top of the graph. In cases where the particles were 
irregularly shaped, the siz.e was measured from the extreme points in the venical or 
horizontal directions. Volumes were calculated assuming that the particles could be 
modeled as oblate or prolate spheroids. Table 3 lists the relative volumes and conversions 
for the char particles. 
DISCUSSION AND CONCLUSIONS 
The reasons for the observed shrinkage or densification of some chars arc as yet 
unknown. It has been shown that the particles a.re reacting in the kinetically limited regime 
and not the diffusion limited regime. The 1200K and the l600K char both contained 
macropores, but only the 1600K char contained significant microporosity. Hence, it might 
be expected that the l 600K char show some diffusion limitations, but this is not the case. 
The larger coal char particles that were used in this experiment were quite cenospheric in 
nature, and should be even more macroporous than the average values listed in Table 1. 
Smith4 indicat.ed that a cenosphere should bwn at constant diameter and decreasing density, 
even if the reactions were lin~.hed to the outer swfacc. Thus~ it seems unlikely that oxygen 
diffusion limitations would be a cause of shrinkage of the cenospheric 1200K but not the 
cenospheric l 600K char. Clearly then, the l 200K char is shrinking as it is reacting, while 
the l 600K char is reacting at constant diameter. 
If diffusion limitations can be ruled out, then structural changes in the carbon must 
be occurring. Hurt et al.7 speculated that as the char loses carbon, atomic rearrangements 
causes the loss of pore volume in the fine pores. These atomic rearrangements lead to a 
graphiti:zation accompanied by an increase in the density. Sahu et al.10 also speculated that 
charring at the higher tempcratw'Cs led to a loss of the finer pores. They noted that as a 
PSOC 1451 bituminous ooal char was oxidi7.cd. the total surface area increased and reached 
a maximum at around 60% conversion. When examined as a function of char 
devolatilization temperamre, it was observed that the swface area at 5t.l% conversion was 
greater for the chars formed at lower temperatures. They postulated that the reduction of 
surface area at higher charring temperatures resulted from a closure of the smaller pores due 
to a structural ordering of carbon. The 1600K char. then may be more graphitized and less 
prone to shrinking than the 1200K char. In a study of the oxidation kinetics of syn the tic 
chars (amorphous carbon), Lcvenclis ct al. 16 observed that as the ()Xidation temperatw-e 
increased, there was increased graphit:ization of the synthetic chars. Oxygen accelerated the 
- r·/•,rc·1r·k~Hf-""l·•---.~'f-'-"rjY...,.."l~·•~¥ttl~~-•· ...... •,.._......_....,
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graphitization process. Thus, there is evidence that as chars react, the carbonaceous 
material undergoes graphitization. The extent to which a char shrinks during low 
temperature oxidation may depend on the extent of graphitization of the initial carbon 
particle during the devolatilization process. 
The reactions that take place dW'ing devolatilization may provide some information 
about the difference in behavior between the 1600K char and the 1200.K. Solomon et al.11 
describe a two-step devolatilization process in which the raw coal is pictured as a complex 
of aromatic and hydroaromatic carbon clusters linked by aliphatic bridges. In the initial 
pyrolysis step, the weakest bridges a.re broken. The lightest molecular weight fragments 
may vaporize, the heavier fragments may remain with the parent coal. Owing this time, 
functional group decomposition also releases C02, H20, methane and other light gases. 
In the second step of pyrolysis, cross-linking between the remaining aromatic clusters 
occurs. Solomon et al. 18 found that there are two distinct cross-linking events, occurring 
at different temperatures. At a heating rate of O.SC/s, the low temperature cross-linking 
occurs between about 200 and 450C, and the modercttc temperature cross-Un.king occw·s 
between 450 and 600C. It is conceivable that at the much higher heating rates and shon 
exposure time (2 s) used to produce the bituminous char used in these studies, the cross-
linking is less complete for the 1200K char than for the 1600K char. Thusr as a char 
undergoes subsequent oxidation, cross-linking also occurs, leading to the shrinkage. 
However, as the heating in nitrogen showed, the densification effect requires reaction with 
oxygen and not simply heating to elevated temperatures. Therefore, in this scenario, the 
cross-linking is assisted by the carbon-oxygen reaction. 
There is a significant implication of these results for researchers using or producing 
char oxidation models. Most models assume that, as char oxidation progresses~ the pores 
enlarge and the surf ace recedes, but the basic carbon structure does not change. Results 
from this experiment and those from the Spherocarb densification study of Hurt et al. 7 
show that the models must account for changes in density which can not be characterized 
simply by the oxidation regimes in which the reaction is taking place. These density 
changes are not only dependent on the initial coal structure, but also upon on the 
tempe·rature time history of char f onnation. Thus, a complete description of char o:Udation 
will require both the information about the basic structure (density, porosity, surface area, 
etc.) and knowledge oft.he history of the char to account for possible carbon strUctural 
changes and shrinking during the oxidation process. 
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Table 1 
Properties of Chars 
Coal or Char OA EA £ VHg SHg 
<7µm <32A 
g/cm3 % % cm3/g m2/g 
PSOC 1451 1.18 17 0.14 7.9 
coal 
1200K char 1.0 33 0 0.43 11.6 
1400K char 0.9 40 0 0.57 11.4 
1600K 0.98 47 2 0.46 14.7 
char53-90m 
from53~90m 
127-147m 0.92 47 19 0.35 14.9 
from90-
125m 
Spherocarb 0.56 33 1 .392 8643 
1Pores larger than 200 A by mercury porosimetry (Floess et aL, 1988). 
2Micropore volume, cm3/g for an average pore radius of 6.7 A, determined by nitrogen 
adsorption (Floess et al., 1988). 
3BET surface area by N2 adsorption (Waters et al., 1988). 
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Table 2 
Spherocarb Data 
Particle Series Temperature Conversion P.elaove Volume 
K % (d/do)3 
A TS0372 930±20 17.6 .77 
920±20 32.2 .70 
950.±50 42.3 .60 
880±30 64.0 .45 
890±30 71.7 .31 
B TS0373 1000±50 60.8 .75 
c TS0374 1010±15 8.9 .94 
990±30 30.9 .79 
940±40 43.9 .62 
930±30 53.9 .54 
900±40 63.5 .47 
D TS0471 970±20 12.2 .94 
960±20 36.8 .81 
930±30 55.2 .60 
910±30 75.6 .31 
E TS0473 900±10 24.0 .79 
820±20 55. l .63 
900-.tl 00 67.2 .41 
F TS0474 820±20 4.4 .92 
860±40 40. l .65 
G TS0475 760±100 11.7 .88 
790±100 23.8 .86 
790±100 41.8 .80 
H TS0512 910±20 9.8 .92 
900±20 21.4 .79 
890±25 31.8 .76 
I TS0513 980±30 12.3 .90 
960±20 36.0 .80 
930±20 55.8 .54 
J TS0921 980±15 4.0 .95 
1030±30 52. l .60 
K TS0522 920±40 78.9 .27 
L TS0523 1000±20 43.9 .82 
1000±100 82.6 .39 
M TS0524 1070±100 61.3 .62 
N TS0525 890±15 17.4 .95 
880±15 52.4 .67 
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Table 3 
Char Data 
Parnc e en es Temperature Conversion Relative Volume 
K % (d/do)3 
A( 79 ±5 .6 1 
42.9 .85 
B (1200K) TC0781 790±50 63.5 .46 
C (1200K) TC0782 790±50 33.6 .69 
D (1200K) TC0783 790±50 79.5 .28 
E (1200K) TC0784 790±50 70.5 .54 
F (1200K) TC0785 790±50 48.3 I 00 
G (12.00K) TC0786 790±50 43.2 .72 
15.4 .82 
H (1600K) TC0861 17.9 .99 
52.1 .76 
I (1600K) TC0871 29.3 .98 
J (1600K) TC0872 19.4 .93 
K (1600K) TC0874 38.4 1 00 
L (1600K) TC0875 700±100 10.7 .95 
M (1600K) TC0881 880±100 28.3 .95 
N (1600K) TC0882 880±100 42.4 1 00 
850±100 76.0 .95 
0 (1600K) TC0902 840±100 63.8 .95 
P (1200K) TC091 l 780±100 51.4 .77 
Q (1400K) TC0913 840±100 51.6 .51 
R (1200K) TC1041 770±100 48.2 .64 
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Figure Captions 
Figure 1. 
Figme 2. 
Figure 3. 
Figure 4. 
Figure 5. 
Figure 6. 
Figure 7. 
Figure 8. 
Graph of relative volume of particle vs. conversion. The top line is the line 
of constant diameter. The diagonal line is the line of constant density. 
Temperature trace for a Spherocarb particle heated in the electrodynamic 
balance. 
Temperature trace for a char particle made at 1600K from PSOC 1451 
bituminous coal. 
a. Photograph of backlit Spherocarb particle before being heated in the 
electrodynamic balance; b. Photograph of the same Spherocarb particle after 
62 % conversion. Note the flattened top and bottom, where the laser beam 
was heating the particle; c. Photograph of Spherocarb before reacting; 
d. Photograph of Spherocarb after heating in nitrogen. 
a. Photograph of 1200K char before reacting; b. Photograph of 1200K char 
after heating in nitrogen; c. Photograph of 1200K char before reacting; 
d. Photograph of 1200K char after 48% conversion. Note the relatively 
uniform size change. 
a. Photograph of 1600K char before heating; b. Photograph of 1600K char 
after heating in nitrogen; c. Photograph of 1600K char before reacting; 
d. Photograph of l 600K char after 56% conversion. The char now looks 
lacy or translucent The exterior dimensions are nearly the same. 
Relative volume of Spherocarb particles reacted at low temperatures. 
Relative volume of binnninous char vs. conversion. The x are 1200K char, 
and the circles are 1600K char. 
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Laser Ignition of Levitated Char Particles 
B. A. Wong•. 0. R. Oavalast and R. C. Flagant 
Department of Environmental Engineering Science 
tDepartmcnt of Cbe1nical Engineering, California Institute of Tr.chnology, 
Pasadena, Calif omia 91125 
Ab1tract 
The temperature history of a char particle heated by a carbon dioxide laser to 
ignition was studied in the electrodynamic balance.. The expc::rimcn~ were r,onducted using 
Spherocarb panicles, 140 to 240 µmin diameter, and char particles from a bituminous 
coal, 150 to 300 µm in diameter. In a typical experiment, a charged char particle was 
suspended in the electtodynamic balance and heated by a 500 ms pulse of radiation from a 
COi laser. The temperature of the particle was measW'ed with an optical pyrometer~ ·Inc 
oxygen concentration in the ambient gas, initially only nitrogen, was slowly increased as 
successive laser pulses were given, until the paniclc ignited. Once ignition occu~ the 
particle lost charge and dropped from the center of the balance. The particle temperature 
profile at ignition shows the ignition delay predicted by Semenov's thermal explosion 
theory. The measured temperature traces could be described well by calculations treating 
the particle u a sphere and using rate parameters given in the literature. 
• Present ~: Chemir..al Industry hlStituU; of Toxiculogy, P. 0. Box 1213 7, 
Research Triangle Park, NC 27709. 
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Introduction 
In pulverized coal combustion, small particles, typically 50 µm in size are burned 
while entrained in the combustion gases. As a coal particle heats up, it devolatilizes and 
pyrolyzes. The remaining material, char, is a porous, primarily carbonaceous material. 
The carbon reacts with the oxygen in the surrounding atmosphere, generating heat. 
Ignition occurs when the heat produced by the exothennic oxidation reaction exceeds the 
heat loss from the system due to conduction, convection and radiation. This concept of 
ignition applies to an entire system, e.g., a cloud of coal particles in a furnace, as well as to 
an individual particle (Field et al.; 1 Esscnhigh et al.2). Two mechanisms of ignition have 
been identified for coal particles~ homogeneous and heterogeneous (Essenhigh et al.2). 
Homogeneous ignition occurs when the devolatilizing gases react with ox.ygen to ignite 
first, producing a flame front that initially stands off from the particle but eventually reaches 
the char surface as the devolatilization ceases. Heterogeneous ignition occurs directly on 
the particle surf ace as oxygen reacts with the char particle. Experimental (Howard and 
Essenhigh,3) and theoretical (Annamalai and Durbetaki4) results have demonstrated that the 
heterogeneous ignition mechanism dominates for smaller ( <350 µm diameter) coal 
particles. The ignition characteristics of coal or char are important to the fundamental 
understanding of the coal combustion process. Historically, ignition was studied, not only 
for application in furn.aces and combustors, but also because of safety concerns. Coal 
piles, coal dust, and dust of other materials such as grain have been known to occasionally 
explode and burn. Research was initiated to determine the cause of, and prevent such 
unplanned explosions (Essenhigh et al.2). Research into the ignition process continues as 
part of the broad area of research in coal combustion fundamentals in effons to improve 
efficiency and minimize fouling~ waste products and pollution in current combustor 
technology. The development of new technologies, such as coal-fired diesel engines, coal 
gasification and liquefaction and magneto-hydrodynamics will also benefit from a better 
understanding of coal combustion fundamentals. 
The criteria used to define ignition is based on Semenov's thermal explosion theory 
(Essenhigh et al.2; Chen et al.5; Thomas et al.6). The classical conditions for ignition state 
that the heat loss from the particle, Qe must be equal to the heat generated, Q8 
and that the heat loss curve must be tangent to the heat generation cwve 
..,r\ 
IV 
(1) 
(2) 
More generally, igni~on occurs when the heat generation equals or exceeds the heat loss 
(Essenhigh et al.2, Chen et al.5) 
(3) 
The ignition limit defined by equations 1, 2 and 3 is illustrated in Figure 1 which shows the 
heat loss and gain for a 50 µm diameter coal particle in a hot gas as a function of particle 
temperature (Field et al., I). The dotted lines show the heat loss and heat generation for the 
particle in a hot gas with 10% oxygen at 900K. At point A the curves intersect, i.e., Qe = 
Q8, but the tangency requirement is not met, so the particle reaches an equilibrium 
temperature without igniting. If the particle temperature increases, the heat loss is greater 
than the heat gain, and the particle will cool back to the equilibrium temperature. If the 
particle temperature undergoes a slight decrease, the heat gain becomes greater than the heat 
loss, and the panicle warms back to the equilibrium temperature. The solid curves show 
the heat loss and heat generation for the particle in 10% oxygen at 1235K. Under these 
conditions, the reaction with oxygen causes the particle temperature to increase to about 
1360K, at which point (B), the heat loss and heat gain curves are equal and. also, tangent~ 
indicating the ignition limit Any perturbation in temperature above this value will cause the 
particle temperature to incre~e funher since the heat generation rate is greater than the heat 
loss rate. TI1e final steadystate temperature of the ignited particle is attained at the point C at 
which the two curves again intersect. The dashed curves show the heat loss and heat 
generation for the particle in 10% oxygen at 1400K. The heat generation is significantly 
greater than the heat loss, until the boundary layer diffusion of oxygen becomes the limiting 
factor to any funher temperature rise, and the curves intersect at point D. Mass loss has not 
been considered explicitly in this simple model. Instead, we have detennined the 
steadystate temperature that would result if the particle temperature rise occurre.d very 
rapidly compared to its loss of mass by oxidation. 
A detailed examination of char ignition requires solving the unsteady energy balance 
(4) 
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in conjunction with a model of the oxidation process. Here, is the mass of the particle, 
is the heat capacity, is the temperature, and is the time. In Figure 2, the dotted curve 
shows the temperature of a SOm particle immersed in a gas at 900K. The particle 
temperature increases and then levels out at the temperature corresponding to the 
intersection of the heat loss and heat gain curve (point A) in Figure 1. For the same particle 
immersed in a gas at 123SK, the curve (solid line) plateaus at the ignition temperature, and 
then rapidly increases. The inflection point in this curve corresponds to point B in Figure 
1. The length of time spent in the plateau is known as the ignition delay or induction. time 
(Essenhigh et al. 2; Bandyopadhyay and Bhaduri; 7 Thomas et al. 6). The temperature rises 
until it plateaus at point C. The dashed curve shows the rapid temperature rise of a particle 
at a surrounding temperature of 1400K. At this high temperature, the particle ignites 
without the ignition delay (Thomas et al. 6) and the temperature rises to a new steady-state 
in which oxidation is limited by the external diffusion of oxygen to the particle. 
There have been many studies of the ignition process, with special interest in the 
ignition temperatures of coal or char particles and the relationship to particle diameter. 
Different techniques were devised to accompli-,h the three major steps in these experiments; 
holding or isolating the particle, heating the particle, and monitoring the transient particle 
temperature and identifying ignition. Bandyopadhyay and Bhaduri7 placr..d a coal particle 
onto a fine platinum wire and insened the wire into a furnace. The insertion step was 
repeated after increasing the temperature of the furnace until an ignition. flash was observed. 
Karcz et al.8 placed a single coal particle on the tip of a quartz needle and inserted the 
needle into a heated furnace. As in the experiments of Bandyopadhyay and Bhaduri, the 
insertion was repeated with the furnace temperature increased stepwise until ignition was 
observed. Ubhayakar and Williams9 mounted a small carbon particle on the end of a glass 
fiber and heated the particle with a ruby laser pulse. The particle was monitored by a high-
specd camera that recorded the igniting particle as a bright spot on the film. The 
temperuure of the particle was also monitored by dual-wavelength optical pyrom~try. 
Cassel and Liebman10, Chen et al.5 and Seixas and Essenhigh11 injecte.d rarticfos into a 
heated drop-tube furnace, and observed them with a photomultiplier tube. The temperature 
of the furnace was gradually increased w1til a flash was seen, indicating ignition. Gomez 
and Vastola12 injected particles into a heated gas stream, and analyzed the resultant gases 
for CO and C()i. The ratio of the two gas concentrations was used to distinguish between 
heterogeneous and homogeneous ignition. Ignition was also confirmed by light emission 
measurements. Tognotti, et al. 13 placed milligram quantities of coal or char in a 
thermogravimenic analyzer (TGA) in an inert (N2.) or oxidizing a.tmosphere, and slowly 
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ramped the temperature. The ignition temperature was defined as the point at which the 
weight vs. temperature curve for the coat or char in the oxidizing atmosphere deviated from 
that in the inert atmosphere. In all of the above experiments, the ignition temperature was 
found to decrease with increasing particle size, in agreement with the thermal explosion 
theory. The activation energies determined from these experiments encompass a wide 
range of values { 11 to 50 kcal/mole) because of the variety of coals and chars tcstr.d, and 
probably because of other differences from experiment to experiment. Essenhigh et al. 2 
have reviewed early theories as well as more recent theoretical and experimental work on 
ignition. 
These approaches have a number of drawbacks. In the experiments where a single 
coal particle is mounted on a thin wire (Bandyopadhyay and Bhaduri; 7 Karcz et al.;8 
Ubhayakar and Williams9) the effects of the physical contact on the energy balance have 
been assumed negligible. In the experiments which detect ignition by visual or optical 
detection (Chen et al.;s Bandyopadhyay and Bhaduri;' Karcz et al.;8 Cassel and 
Leibman; 10 Seixas and Esscnhigh; 11 Gomez and Vastola 12) the determination of ignition is 
dependent on the spectral sensitivity of the selected detector. Only Ubhayakar and 
Williams9 measured the actual panicle temperature. Most investigators inferred particle 
temperawre from the ambient value. 
Ideally, one would like to isolate a single particle free of physical contact, rapidly 
heat the paniclc, and measure its temperature directly. In this paper we present an 
experimental investigation of ignition that more closely approaches this ideal. In our 
experiments, electrically charged char particles were levitated in an electrodynamic balance 
and heated with laser radiation. This type of electrodynamic thermogravimetric analyzer 
has been previously used in studies of char particle oxidation (Spjut et al.1 4; Bar-Ziv 
et al.15). The balance is an improved version of Millikan's oil-drop apparatus. In the 
electrodynamic balance, a charged particle is suspended in a DC field between two end-cap 
electrodes, as in the Millikan cell. In the midplanc between the electrodes, a ring electrcxie 
surroWlds the panicle. When the particle is at the center of the cell it is not affected by the 
alternating field. If, however, it is displaced from that null point in any direction, the 
particle experiences an alternating force that increases with displacement. The particle then 
oscillates but lags the AC field in phase due to inertia and aerodynamic drag. The time-
average force experienced by the particle drives it back toward the center of the cell. With 
the addition of this dynamic focussingt a particle that is levitated electrostatically can be 
subjected to rather strong forces without being lost. The historical background of the 
electrodynamic balance has been reviewed by Davis16 . The balance has been used in 
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previous studies of ignition processes. Nelson ct al.17 used a form of the electrodynamic 
balance to suspend metal panicles, which were ignited by a pulsed Nd-doped glass laser. 
Liebman et al.18 also used a quadrupole lcvitator to suspend magnesium particles for 
ignition by a Nd-doped glass laser. Bar .. Ziv15 repons on some ignition studies in the 
electrodynamic thermogravimetric analyzer in his review article on single particle char 
combustion kinetics. We report here on the use of an electrodynamic balance to study 
laser-induced ignition of a freely levitated char particle. 
Exp~rimental 
The use of the electrodynamic balance for single particle studies is well documented 
(Spjut et al.; 14 Davis; 16 and Monazam et al.; 19 Bar-Ziv et al. 15). The electrode 
configuration in the electrodynamic balances most commonly used has a hyperboloidal 
geometry. The electric field in the hyperboloidal geometly balance is wcll-charactenized 
(Davis16), but this understanding is not critical to its use. Many other electrode geometries 
have been used in previous applications of the electrodynamic balance (Davis; 16 Arnold and 
Folan20; Davis et al. 21 ). Sloane and Elmoursi22 have theoretically examined the 
characteristics of a number of electrode arrangements. We used hemispherical endcap 
electrodes and a right cylinder ring as illustrated in Figure 3. The electric field near the 
center of this balance, and therefore its operating characteristics, very closely approximates 
that of the hyperboloidal geometry (Sloane and Elmoursi22; Wong23). The electrode cell 
was housed in an evacuablc stainless steel chamber with total volume of 250 cm3• The 
atmosphere in the chamber was controlled by introduction of gases with the desired 
composition. 
A 20-Watt Carbon Dioxide luer (Advanced Kinetics MJRL-20) was use.d to heat 
the panicle. The laser was modified to produce a TEM-01 * beam In this mode, the 
cross~section of the beam appears to be doughnut-shaped rather than Gaussian shaped as in 
more common TEM-00 mode. 'lbc TEM-0 l * mode was selected because when the particle 
is heated, thermophoretic and photophoretic forces tend to push the particle away from the 
area of highest intensity (Grccne24). In a Gaussian beam, then, the particle tends to be 
pushed out of the laser beam. The particle will remain tta.pped in a doughnut mode beam. 
The laser beam is directed by mirrors into the top of the chamber through a KCl window, 
and the beam is focused onto the particle with a ZnSe lens. The lens can be moved 
vertically to focus or defocus the beam with respect to the panicle~ changing the intensity of 
the be"m incident on the particle. 
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The TEM-01 • mcde of the laser was very sensitive to laser temperature and power 
variations, therefore laser pulsing could not be controlled by pulsing the power supply. An 
external shutter was constructed from refractory and attached to a pneumatic piston. The 
laser beam was uncoveTed or covered in 3 to 4 milliseconds by the shutter. The length of 
time that the shutter was opened was controlled electronically. 
A 5-mW HeNe laser (Melles Oriot) was directed through the bottom of the chamber 
onto the particle for illumination. The particle was observed with a microscope and with a 
catadioptric microscope (Questar) and video camera combination. The images from the 
video camera were recorded on a video cassette recorder. The particle image was also 
focused onto a position-sensitive-detector (PSD) (Hamamatsu). The outputs from the PSD 
were connected to a proportional-integral- derivative (PID) controller which fed back to the 
DC voltage control. Thus, any force causing the particle to deviate vertically from the 
center in the vertical plane would cause the PID controller to adjust the DC voltage restoring 
the particle back to the center of the chamber. 
The temperature of the particle was monitored by a two-color optical pyrometer, 
pictured schematic~Uy in Figure 4. Radiation from the particle was collimate.cl by a CaF2 
lens, and then split by a coarse grating beam splitter. The two be.a.ms then passed through 
CaF2 focusing lenses and interference filters at 1.48 and 3.42 µm and onto an InGaAs and 
an InSb detector. The output from the detectors was processed with a log-ratio amplifier, 
and monitored with a PC-based data acquisition system. The optical pyrometer was 
calibrated by inserting a type R thermocouple into the chamber with the bead placed at the 
center of the cell in place of the particle. The thermocouple was heated by the COi laser 
while the thermocouple output and the pyrometer output were recorded. The pyrometer 
output is plotted against the thermocouple temperature in Figure 5. 
The gas composition in the chamber was varied by using a 3-liter glass vessel as a 
continuous flow stirred tank reactor (CSTR). Nitrogen was passed through the vessel and 
through the chamber. At the onset of the experiment, oxygen was admittr~ into the CSTR. 
The output from the CSTR was then a N2-02 mixture that was slowly increasing in 
oxygen. This mixture flowed through the chamber and into an oxygen analyzer (Beckman, 
Model 755). The TOA chamber also acted as a CSTR, but with a much shorter residence 
time so that concentration of oxygen was very close to that of the larger vessel. 
Two materials were used in this study. The first was Sp~erocarb, a highly porous 
synthetic carbon intended for use as a gas chromatograph column packing. (Alltech 
purchases this material from Analabs and markets it as "Carbospherc." Because 
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Spherocarb is the trade name more commonly found in literature references, we shall call 
the material Spherocarb). Because of its high pososity, relative freedom from impwities. 
and highly spherical shape, this material has been used in many carbon oxidation studies 
(Waters et al.25; Floess26; Bar-Ziv ct al.1s). The second material studied was char from 
PSOC 1451 bituminous coal previously cham,1erizcd by Sahu et al.27• 
Procedure 
An experiment was started by presetting the AC and DC voltages of the 
electrodynamic balance to previously determined values. A small amount of char was 
placed on a small electrode and pushed under the bottom end·cap electrode. A Zerostat 
(Discwasher, Inc.) anti-static device was used to generate a short high voltage pulse to the 
elec~e. Char particles on the electrode acquired charge and were repelled from the 
electrode through the opening in the bottom electrode into the electtodynamic cell, where 
some were captured by the AC field. The AC and I>C voltages were manipulated to isolate 
a single particle. Following the suspension of an isolated particle the chamber was flu8hed 
with nitrogen. The dimensions of the particle were then measured with an eyepiece 
micrometer. After these preliminaries, the COi laser was pulsed by opening the shutter for 
500 milliseconds. During this pulse, the output from the pyrometer, the balancing voltage, 
and the position were recorded on a PC-based data acquisition system. The temperature 
rise observed in the absence of oxygen provided the dat.a needed to calculate the laser 
energy absorbed by the particle. Oxygen was then admitted into the CSTR and as the 
N2-02 mixture of increasing ~concentration was very slowly passed through the 
chamber, additional laser pulses were administered until the particle ignited. 
Results 
The timemtemperature history of a Spherocarb particle undergoing a laser pulse in 
nitrogen is shown in Figure 6a. The solid line connects experimental data points. It can be 
seen that the panicle temperature increases, reaches. a steady state level and then drops 
when the laser pulse ends. Figure 6b shows the same particle heated in 20% oxygen. The 
steady state temperature is now higherr due to increased rate of carbon oxidation. At each 
laser pulse the oxygen concentration was about 5% higher than that present at the previous 
pulse. This particular Spherocarb particle ignited when the oxygen concentration reached 
40%, as illustrated in Fi&!UJ'C 6c. The temperature trace shows an ignition delay time of 
approximately 300 milliso._-x.'llds. 
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The vertical position trace of a S pherocarb particle in nitrogen is shown in 
FigUre 7a, where 0 denotes the center of the chamber. Prior to the laser pulse, the particle 
is oscillating with an amplitude of the order of ±15 µm. When the particle is pulsed, the 
oscillation changes, but the particle does not deviate from the center of the chamber. Tirls 
pattern was generally observed for subsequent pulses as shown in Figure 7b. Figure 7c 
shows that for a particle suspended in 40% oxygen, the amplitude of the oscillations, 
initially very small, greatly increases during heating. Finally, when the particle reaches a 
temperature of 120Q to 1300K, it begins to lose charge (Dudek et al.28), and the particle 
eve~tually drops from the center of the chamber, as shown by the position trace. 
Figure 8 shows the heat loss and heat generation curves for a Spherocarb particle 
exposed to different oxygen concentrations. The curves arc analogous to those in Figure 1. 
The heat i!lss curve is the labeled solid line. The horizontal solid line represents the heat 
generation curve in nitrogen. Since the only source of heat is the laser, the particle 
temperature is constant, ~µ the line is horizontal. The short-dashed line is the heat 
generation in 20% oxygen. This curve intersects the heat loss curve, indicating a stable 
temperature, without ignition. The long-dashed line shows the heat generation curve at 
40% oxygen. This curve is above the heat loss curve, satisfying equations (2) and (3), so 
the particle ignites. The region in Figure 6c where the particle temperature rises slowly 
corresponds to the area where the heat generation and heat loss curves are close to each 
other. 
The temperature trace of a 300 µm bituminous char particle laser-heated in nitrogen 
is shown in Figure 9a. The steady-state temperature trace fluctuates somewhat due to the 
more irregular shape and uneven heating of the char particle. In 10% oxygen, Figure 9b 
shows that the particle temperature dips slightly, then returns to a steady state level, until 
the laser pulse is off. The video recording shows that the dip in the temperature is due to 
movement and rotation of the unevenly heated particle. When the oxygen pressure reaches 
15%, the particle ignites. Figure 9c shows that ignition was attained after a short induction 
time. 
The vertical position trace of the bituminous char µarticle is shown in Figures 1 Oa,b 
and c. When the laser is pulsed on, the particle undergoes a larger displacement from that 
of a Spherocarb particle, and rises in the chamber. Th.is is evidently because of the greater 
buoyancy effect on the lower density char. As with the Spherocarb particles, the igniting 
char particle drops out of the center because of charge loss. 
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Discussion 
In a simple analysis of particle ignition, a spherical and isothermal particle is 
assumed to be at rest relative to the sWTOunding gas. The heat loss to the gas may be 
written in the form of Newton's law of cooling. The beat transfer coefficient is determined 
from the Nusselt number, which equals 2 for spheres at low Reynolds numbers, as in this 
case. The contribution of radiation to the particle heat loss is small but increases as the 
temperature of the particle increases. The beat loss due to conduction and radiation for a 
sphere arc: 
(5) 
Hr=EO'~-~ p g (6) 
where k is the thennal conductivity of air, T pis the particle temperature, T g is the gas 
temperature, r is the particle radius, £ is the particle emissivity, and a is the Stefan-
Boltmian constant. 
The rate of carbon oxidation, Re, is generally expressed in the simple fonn 
( .. EJRTp) n 
Rc=Ae Pai (7) 
where E1 is the activation energy, R is the gas constant, A is the pre .. ·exponential factor, 
.P Oi is the pressure of oxygen, and n is the reaction order. The heat generation term is then 
given by: 
Hg=Rc<Jeo: (8) 
where ~ff is the heat released by carbon oxidation. The time dependent equ1tion (3) can 
therefore be written as 
(9) 
The term H1 is the heat gain from absmption of the laser energy. 
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The value of the heat capacity, Cp, for S pherocarb was taken from Monazam 
et al.19. An apparent activation ene ,gy, E., of 20 kcaVmolc and a reaction order with 
rerpect to oxygen, n, of one .. half was assumed, as determined by Waters et al. 25 in their 
study of Spherocarb 'oxidation in the temperature range of 1400 to 2200K. The diffusion 
of oxygen through the porous char matrix becomes the limiting factor in the carbon 
oxidati~n rate at these temperatures. The particle temperatures being measured were 
approaching this range, hence these apparent rate parameters were selected. Also in the 
experiment by Waters et al. 25, it was determined that tbc oxidation products were CO and 
CO:z in a 65% to 35% ratio, and <4ff was calculated accordingly. Table I gives the values 
used for each parameter and the literature source. 
The value of H1 was d~termined from the particle temperature trace when heated in 
nitrogen. In the absence of oxygen, Hg is zero, and at steady state, H1 = He + Hr· After 
H1 was determined, the time dependent equation (9) was solved using a fourth-order 
Runge-Kutta routine. The preexponenti.al factor was varied until a reasonable fit of the 
curve to the experimental data from the ignition event was obtained. 
The calculated temperature traces arc shown by the dashed lines in Figures 6a to 6c 
and 9a to 9c. The good agreement between calculated traees and measured traces for the 
nitrogen atmosphere (Figures 6a and 9a) simply reflects the choice of the parameter, H1, 
which was adjusted to match those two traces. The calculated laser intensity is listed in 
Table 2. The density parameter was adjusted to match the initial slope of the calculated 
trace to the measured trace in a nitrogen atmosphere. The density values are larger than the 
density of 600 kglm3 found for Spherocarb particles by D'Amore et al. 19, but they cluster 
around the value of 1050 kgtm3 used by Monazam et al.19 when he measured the heat 
capacity of Spherocarb. 
Table 2 shows the fitted parameters for several particles. The fitted pre-exponential 
factors ranged from 3.6 to 6.1. The preexponential factor that was determined by Waters 
et al.25 was 10.6 Kg m-2 s·l(mole Ch m-3)-n. Although the preexponential factor is the 
nominal fitting parameter, <4ff and p'10i can also be lumped in with the exponential factor. 
Therefore~ the uncertainty in the fitted exponential value is also indicative of uncertainties in 
~ffandib2· 
The calculared trace in Figure 6b was determined using the fitted parameters from 
Figures 6a and 6c. It appears to overpredict the measured temperclture. Titls discrepancy 
may be due to experimental error such as fluctuations in the laser power, or it may be due 
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to· the uncertainties in the Oerr and ~2 as mentioned previously. A general trend n( 
increasing ste.ady state temperature with increasing oxygm concentration could be detected, 
however, the scatter in the data was substantial, and the relationship could not be 
quantified 
Sahu et at. 30 determined an apparent activation energy of 17 kcal/mole for char 
made from PSOC 1451 bituminous coal with a precxponential factor of 107.1 g cm-2 s·l 
atnr 1. ~en the apparent activation energy is used, and the preexponential factor varied to 
achieve a reasonable fit, Figure 9c results. 
I 
There are an number of problems with this experiment which are not apparent from 
the results presented. The first is related to the laser stability. The laser power, as 
measured on a power meter, was subject to fluctuations and occasionally drifted over a 
long period of time. To minimize the effect of drift, the experiments were performed only 
when it appeared that the laser was operating stably and the power was not drifting. 
However, the fluctuations were always present Another difficulty was that the laser 
heated the panicle from the top only. Video recordings of a Spherocarb particle during 
heating clearly show a thermal gradient across the particle. TI1us, the model used to 
describe the experiments is an oversimplification. Bar-Ziv et al.15, and Monazam et al. 19 
addressed this problem for a particle heated on opposite sides and concluded that the 
maximum temperature difference between the swface and center of the particle was about 
8K for a particle 1ooo·c above ambient They concluded that this difference may be 
disregarded for most combustion studies. For one sided heating, however, the temperature 
difference is greater, although the magnitude of the temperature gradient is not known. 
A panicle heated on one side might lead to ignition at a point, or a very small area, 
as discussed by Levendis et al. 31 • Those authors used two-color pyrometry to measure the 
temperature of a char particle burning in a drop-tube furnace. They observed signal 
intensities which increased in the individual detectors while the ratio of the signal intensities 
remained relatively constant, indicating a relatively uniform temperature~ They attributed 
the increase in signal intensity to localized ignition on the panicle swf ace which gradually 
spread over the surf ace of the particle. In the present experiments we did not measure the 
individual signal intensities but only their ratios therefore, it is unknown whether the 
detector signal levels arc changing while their ratio remains constant Observations from 
the video recording of the particle ignition do not show localiz.cd ignition on a Sphcrocar; · 
particle. The particle appears to glow unif onnly as the temperature nears the ignition pohu 
(although saturation of the video camera precludes quantitative interpretation of these 
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images). As the particle ignites, it appears to expand to about twice its original diameter. 
This expansion may be due to an oscillation of rhe particle that is too rapid to be resolved 
by the video camera, or it may result from camera saturation. At this point, the particle 
loses a significant amount of charge, and drops from the center of the chamber. No hot 
spots arc visible, no jetting is observed, and Sphcrocarb particles always move in the 
downwards direction. Hence, it is believed that the Spherocarb particles are igniting 
uniformly across the surface of the particle. In contrast, there is clear evidence of localiud 
ignition on char particles. Video recordings show that, when a coal char particle is heated, 
small areas glow considerably more intensely than other areas. Since the char is irregularly 
shaped, this is not unexpected. Even when a char particle ignites, hot spots of ten are 
visible. 
Conclusions 
This experimen~- has shown that ignition experiments arc feasible in the 
electrodyn~mic balance With the particle suspended without physical contact, heat transfer 
other than by conduction and radiation is avoided. nae particle temperature is measured by 
the optical pyrometer and does not need to be calculated from the amhicnt temperature. 
There are some difficulties which n«..d wt;.:. addressed in order to increase the utility of this 
experiment The first is the temperature gradient along the particle due to heating from the 
top side only. When we attempted to heat from both sides, the particle bounced around 
excessively. The solution might be using a more: powerful laser, such as used by 
Monazatn et al.19, in the Gaussian mode. The problem of charge loss at high temperatures 
also limits the usefulness of the electrodynamic balance somewhat in th~t the particle is lost 
once it reaches ignition temperatures. There arc other techniques that can levitate an 
uncharged particle which are as yet untested for char oxidation studies. 
The temper,uure traces of particler. that ignited clearly show an induction time, or 
ignition time lag, as predicted by the solution of the time dependent equation for a heated 
particle. The cff er.t of increasing the oxygen concentration is also seen in the increasing 
equilibrium temperature at sub-ignition conditions. though ;,t was not l;.uantifiable in this 
smdy. A simple isothermal sphere model was used with parameters obtaine.d from the 
literature which adequately pr·edicted the experiment.ally obtained time-tcmpcratw-e histories 
of igniting Spherocarb particles. A reasonable fit to the bituminous char data was achieved 
using rate parameters determined by Sahu et al.30• These experiments provide the first 
cxamp les in which the oxidation of char during ignition is rigorously modeled and 
compared with existing literature data. The electrodynamic balance can be used il1 ignition 
31 
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experiments to measure the apparent char oxidation rate parameters, and probe particle-to-
particle variations in the apparent kinetics. 
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Parameter 
Heat Capacity,<; 
Thermal Conductivity, k 
Emissivity 
Activation Energy, E. 
Reaction order, n 
Heat Release, CJeff 
Particle Density 
Laser Intensity 
Preexponential, A 
Activation Energy, Ea 
for char 
Preexponential, A for Char 
--
Table 1 
Parameters Used in Model 
Value 
cal 
0.4 gdegK 
k (Tp+Tg)0.7S 
o 2To 
cal 
cm s degK 
0.8 
20 kcal 
mole 
0.5 
0.35 Qc02 + 0.65 Qco 
(40.82 kcal/mole) 
Fitted 
Fitted 
Fitted 
17 kcal/mole 
Fitted 
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Source 
Monazam et al., 1989 
Field et al., 1967 
Monazam et al., 1989 
Waters et al., 1988 
Waters et al., 1988 
Waters et al., 1988 
Sahu et al., l 988b 
Table 2 
Spherocarb Experimr..nts 
, I 
(' 
Series. Size Laser Intensity Density A Po 2 
µm w1m2 kg/m3 kg/m2s{Ia>a)·s % 
1 100 3.13xI06 110 3.6 50 
2 98 4.65x106 1200 4.2 13 
3 75 4. llx106 1000 6.1 25 
4 99 3.04x106 800 3.73 40 
5 99 3.45x 106 1100 5.0 35 
6 105 3.46x106 1000 3.6 35 
7 82 4.54xl06 1000 3.6 25 
8 79 3.g5x106 1000 5.2 30 
9 95 3.54xl06 1100 4.0 25 
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Figure Captions 
Figure 1. Rate of heat loss or gain for a 50 m diameter particle at 900K (small-dashed 
lines), 1235K (solid lines) and 1400K (large-dashed lines). Physical 
parameters are from Field et al ( 1967). The lettered points are described in 
the text. 
Figure 2. Curve showing ignition induction time for a 50 m particle (solid line). The 
curves and the lettered points correspond to the same conditions as in 
figure 1. 
Figure 3. Schematic of the electrodynamic balance electrodes, heating system, and 
position monitoring system. 
Figure 4. Schematic of the optical pyrometer 
Figure 5. Calibration Curve for the optical pyrometer 
Figure 6. Temperature trace for a 198 m diameter spherocarb particle. Experimental 
data are shown in open circles. a. Laser pulse in nitrogen gas. b. Laser 
pulse in 20% oxygen. c. Laser pulse in 40% oxygen. 
Figure 7. Vertical position of the Spherocarb particle. a. Spherocarb pulsed in 
nitrogen. b. Spherocarb pulsed in 20% oxygen. c. Spherocarb pulsed in 
40% oxygen. 
Figure 8. Rate of heat generation and heat loss for a 198 m diameter spherocarb 
panicle. The solid line shows the heat gain in nitrogen. The dash-dotted line 
shows the heat gain in 20% oxygen. The dashe.d line shows the heat gain in 
40% oxygen. 1ne dash-dot-dot line shows the heat loss curve. 
Figure 9. Temperature traces for a 300 m diameter char particle produced from PSOC 
1451 bituminous coal. Experimental data arc shown in open circles. a. 
Laser pulse in nitrogen gas. b. Laser pulse in 10% oxygen. c. Laser Pulse 
in 15% oxygen. 
Figure 10. V enical position of the bituminous char particle. a. Char pulsed in nitrogen. 
b. Char pulsed in 10% oxygen. c. Char pulsed in 15% oxygen. 
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CHAPTER 4 
A THEORETICAL STUDY OF COMBUSTION 
OF NONSPHERICAL PARTICLES 
(Manuscript to be published in Combustion Science and Technology) 
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Su bm.i t ted to C u tn b . S d . a n d t e c h . 
Abstract 
A theoretical st 1-idy is ca.rrie·d out of the combustion of non'tpherica.l ca.rbona.ceous par-
ticles in the regime of shrinking core reaction. Tb~ first probletTI addressed i.:s the cakula.tion 
of the pseudoste.ady temperature a.nd oxidation rate for a putide of ghten shape. Tb1s 
problem involves the solution of the extern&! d.itirwdon and bea.t conduction equations with 
the rea.ction entering a.s a. boundary c.on.dition over the particle ~u.rfa.c.e. Using the boundary 
integral method, the problem is reformulated .ll a niystem o'f two coupled integral equa.ti<ms 
which are solved numerically by suitable dlscre·tizatio·n. Th~ complete transient problem 
addressing the evolutlon of pa.rtide shape a.nd particle tempet·a.t·are during burnout, is sirn~ 
ilarly formulated by the boundary integr&l me1thod and solved nu.meri.cally. Over a broi\d 
ra.nge of pa.rametel".!I, the pseudostea.dy particle temperature and rat.e of oxidation are very 
nearly equa.l to those of spheric.al pa.rtide.s of equal volume o.nd surface area respectively. 
The· transient solution.s obtained for parameten typical of pulverized combustion show that 
during burnout the particle becomes increuingly non.spherical. As exp,ected, nonsphedca1 
particles bt.un fw;ter than spherical pa.rticles of the same initial volume, but the difference 
in burnout times is le.s.s than 20% for initial a.spect ratios between one a.nd three. 
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NOMENCLATURE 
A,, aspect ra.ti~> 
b1 stoichiometric coefficient 
c total concentration ~>f ga..'J phase 
Ci conr,en tr at ion of oxygen 
D diffusion coefficient of oxygen 
g Green's function for 3·dimensional Lapace:'s. equation 
k' reaction constant 
ILlH! heat of reaction 
n ou t.wa.rd normal un.it vedor 
P,,, nth Legendre polynomial 
Q defined by Eq.(13) 
qn heat 6ux by radiation 
R(BiT) ~ . ( ) 
-
R,(T) radius <)f the fictitiou.s sphere of equal volume ~ 
r reaction rate c,f oxygen 
s surface area of particle 
T temperature 
t time 
:c 
-
:.< dimensional position vector 
11 mole fraction of oxygt'll 
Greek {eUera 
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II,', 
/3n coefficients used in expanding R( 8, r) 
f emissivity of particle 
A thermal conductivity of gas phase 
p radiau variable 
Pp particle density 
T dimensionless time variable 
n surface boundary of domain 
.Subscripts 
oo quantity evaluated using the bulk temperature 
v sphere of equal volume 
s sphere of equal surface area 
INTRODUCTION 
The a.n.alysis of particle( coal char, ooke, etc.) combustion has underg<me signif-
icant refinement over the years. Early analyses exemplified by the reports of Field 
et al.(1967) and Field{l969) employed simple heat and mass transfer coefficients 
and ass.urned shrinking core reaction. The a.na.lysis was later extended to include a. 
detailed &eC'.ount of external heat and mass transfer while retaining shrinking core ox-
idation(Ubhayakar,1976; Libby and Blake,1979; Annamalai and Durbetaki,1979). 
Further extensions invoked comiiderations of intrapa.rticle diffusion, reaction and 
pore growth. A comprehensive review of work up to 1984 has been published by 
Sotirchos et al.(lf>84). Rega.rdless of the treatment afforded to internal a.nd external 
diffusion, all previous investigations treated the reacting pa.rticle.s as spherical thu.., 
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avoiding the mathematical and computo.donal complications entailed by nonspher-
ical geometry. In the present paper we explore the effect of nonspherical shape on 
the reaction rate, particle temperature and other combustion cha.rateristics. 
•t 
Grinding coal, coke, etc. produces particles of widely varying size and sh~pe. 
Upon heating and devolatilization, bituminous coal particles tend to become 
smoother and more spherical, while particles of other coals retain their original 
shape. The nonuniformity of shape and size arising from grinding a.nd devolitiliza-
tion can cause a spread in the time for complete burnout, the maximum particle 
temperature, and the size distribution of flyash, all important properties for coal 
combustion practil..a. ln this pa.per we explore the effect of the initial shape on the 
combustion history of a particle. We .consider the instantaneous temperature and 
oxidation rate for a given particle shape, a.nd the evolution of the particle shape as 
reaction progresses. We also examine the degree to which the combustion of non-
spherica.l particles can be approximated by that of spherical particles of appropriate 
size. 
As we relax the assumption of spherical shape we a.re forced to make O\ her 
simplifications or restrictions in order to c.ontai~ the mathemat~cal-computa.iona.l 
effort. The analysis is thus restricted to shrinking core <'.omhu.stion, spatially uniform 
transport coefficient.a and negligible Stefan flow. Furthermore, we only consider 
particle shapes which are rotationally synunetric a.nd choose the initial shape to be 
a prolate or oblate spheroid. With these simplifications and restrictions the problem 
becomes one of external diffusion a.nd heat conduction with the reaction entering as a 
boundary condition on the particle surface. We treat this problem numerically using 
the boundary integral method which converts the spatial differential equations to 
integral equations over the particle surface and thereby reduces the computational 
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effort. Although not explicitly considered, the case of negligible pore diffusion 
resistance, suoh that the particle size and shape remain constant during burnout, 
is also subsumed in the analysis developed here. 
THE PSEUDOSTEADY PROBLEM 
In this section we formulate the pseudosteady problem, i.e., for a given par-
ticle shape and free stream conditions, calculate the particle temperature and the 
reaction rate. In a strict sense, these pseudostea.dy properties are not exactly .re-
alized, because the particle shape evolves with oxidation. HowEJver, except ,for a 
brief initial transient, the thermal inertia is negligible and the particle tempemture 
approaches a.nd remains close to the pseudosteady temperature correspondin~ to 
the instantaneous particle shape. Having established that pseudosteady !·elation, in 
the next section we examine the evolution of particle shape due to the reaction. 
Figure 1 shows a rotationally symmetric particle with 0 being the particle 
center Q....ld Oz the axis of symmetry. Although not essential, we shall also assume 
that the particle has a pla.n,e of symmetry perpendicular to Oz. The particle surface 
n is then defined by some equation 
p = F(O, t), 0 < 8 < 1l' ( 1) 
where p is the dista.nce from the center 0 and, because of the plane of symmetry, 
F(1r~9,t) = F(9,t). 
Physica.l paJrameters such as the thermal conductivity and the diffusivity are 
functions ·of temperatu:re with an a.pproxi.m&te po~er dependence (Hirschfelder et 
al., 1954), 
;\ ex 'I'°·& , D ex T1 ·5 • 
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Thus the thermal conductivity ,\ and the product cD are represented a.s 
(. T ) o.r- ( T )' o.s ,\ = Aoo T 00 I ' cD = Coo Doo T 00 
with the subscript co denoting free stream properties. 
In a further approximation, the product cDi; of total concentration and any 
diffusion coefficient will be taken as spatially uniform, equal to its value at the par-
ticle surface n. Moreover, the fiux of oxygen will be described by the approximate 
expression -DC'v y, where y is the oxygen mo~~ fraction and D is the binary diffu-
sion coefficient for the 0 2 - N2 pair. This simple fiux expre.ctsion neglects the minor 
convective contribution due to the relative velocity between particle and free stream, 
the "Stefan flow" terms induced by multicomponent diffusion, and the direct con-
tributions of pressure and temperature gradients included in the Stefan-Maxwe1l 
equations. 
The approximation of spatially uniform cD was evaluated for a spherical par-
ticl~ where the exact and approximate problems could be solved in closed form( see 
Appendix). Even when surf&ee and free stream temperatures differed by 640°C, 
the error in the reaction rate was less than 8%. The error committed by neglecting 
the Stefan flow depends mainly on the magnitude of the surface l'eaction rate. The 
analytical solution available for a spherical particle s\lggests that this error is less 
than 10% for the range of p&ra.meters used in the numerical calculations. In view 
of the modest magnitude of these errors we believe that the two approximations 
are reasonable for evaluating diflerences in the combustion rate, burnout time, etc .. 
between a spherical and a nonspherical particle. 
With the above approxi.ma.tionst the oxygen mole fraction y and the tempera-
ture T satisfy the equations 
(2) 
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(3) 
with boundary conditior.s at the free stream 
p --+ oo y -+ Yoo T -+ Too . (4) 
The boundary conditions on the particle surface will be based on two additional 
assumptions : uniform particle temperature and shrinking core reaction( high Thiele 
modulus). The relevance of the latter assumption depends on several factors among 
which particle temperature, particle size, and porous structure. A particle initially 
burning in the shrinking core mode( decreasing size, co.nsta.nt density) after a certain 
reduction in size will switch to a mode of decreasing size and density. 
On the basis of the la.st two assumptions, the boundary condition for the oxygen 
mole fraction becomes 
8y 
p E 0 : cD &n = r(Pi , T) (5) 
where p1 = yP is the partial pressure of oxygen on the surface. There are two 
boundary conditions for the temperature 
pEO T=T, (6) 
where T, is the unknown particle temperatW'e, and 
(7) 
where qR- is the net radiative flux, r is the rate of oxygen consumption per unit 
external area of the particle. This latter condition is simply a thermal energy 
balance for the whole particle between heat generated by the reaction a.nd beat lost 
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by radiation and conduction. It must be noted that whereas T, is uniform over the 
surface, Pt ~ yP and *" are variable. The radiative flux qR will be taken as 
(8) 
where the temperature of the sur.rou11ding surfaces is ta.ken equal to that of the free 
stream, and a conunon emrnisivity is used for all radiating surfaces. 
For a spherical particle of radius a, Eqs. ( 2H7) can be reduced easily to the 
solution of two equations in the unknowns, y., T,, 
PD(T,) 
RT (Yoo -y,)=r(Py,~T,) 
. g ,a 
( 9) 
,\(T, - T 00) (T,. 4 l"T'4 ) I I ( 
· +cu:. , - J.Oc, = tl.H,. r Py,, T, ). 
a 
( l 0) 
If the reaction is first order with Arrhenius temperature dependence, 
r = k'p1 = Aexp(-E/ R~T,)Py,, I l 1 ) 
Eqs. (9) and (10) can be combined in a single equation for T, : 
A(T, -T00 ) ("""' _ rn4) = IAH 
1
Aexp(-E/R,T,)Pyoo (l:!) 
a + cu. .I,- J. 0c, l...l " 1 + Q(T,) 
where 
Q(T.) = k'(T, )R,T,a = AR, T,a (-E/ 'R l'J"!) 
' D(T,) D(T,) exp ""O ·'' • ( 13) 
Equation {12) exhibits the well-known multiplicity a.nd ignition phenomena. 
BOUNDARY IN'TEGRAL METHOD 
For nonsphericaJ particles the problem defined by Eqs.(2)-(7) can be reformu· 
lated using single layer and double layer potentials(St&kgold,1~~2) into two integral 
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equations for the surface values of y and ~~ . Once the two integral equations are 
solved numerically, the particle temperature, the total reaction rate, and the values 
of T and y outside of the particle ca.n be computed, if desired. This approach, which 
is known a.s the "boundary integral method", involves a much smaller number of 
unknowns than the finite difference method and is, accordingly, much more compu-
tationally economical. The boundary integral method has been used extensively in 
low Reynolds number hydrodynamics. 
The integral form of Eq.(2) with bound«iry conditions ( 4) and (5) can be derived 
by standard potential theory, using a double layer potential. For any x,, E f2 we 
have 
y(x,) = 2yoo ... ...!... I [-y(e) og + g:JPy(~}, T,)] dSe 
21r 0 fJn (cD), 
( 14) 
where 8~ is the outward normal derivative and 
1 
g= . Ix, -~I 
For axially symmetric particles, integration over the azimuthal angle converts the 
double integral in Eq.( 14) to a. single integral over the angular variable fJ : 
1 J"' [ (Ill) fJG 0 r(.Py( 9'), T,)] ( ) . O'd/j/ y(x,) = 2y00 - 2; 
0 
-y u 8n + - (cD), v p sm u ( 16) 
where 
p=F(O,t) 
and 
[ 1 ( dF) 2] 112 v(p) :-.:: p2 1 + p'l dp ( 1 i') 
G = f 2• gdtfi 
0 
( 18) 
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WI 11 "~I I I• fl ' 
8G = J 2,.. og d</J. 
on 0 an (19) 
Equation ( 16) is an integral equation in the unknown function y((}), with T, ap-
pearing as an unknown parameter to be determined in conjunction with the energy 
equation. 
An integral equation equivalent to (3), ( 4) and (6) can be derived using a. single 
layer potential after introducing a new variable defined by 
Jt is 
(T /Too )1+0 - 1 
tP = (T,/T00 )1+0 - 1. 
- j g ~1/J dS< = 41r. 
o un 
Integration over the azimuthal angle now yields 
J" a,,µ - G-0 v(p) sin 9' d9' = 411'. o n 
(20) 
(21) 
(22) 
This is an integral equation in the unknown function ~ (9) with the unknown T, 
appearing as a parameter. For any given T,, Eq.(16) can be solved for y(B), and 
Eq.(21) for ~(8), or ¥n-(8). The unknown T, can then be detennined from Eq.(7). 
THE TRANSIENT PROBLEM 
The transient problem is a. conceptually simple ~xtension of the pseudo--steady 
problem. It is still assumed that the oxygen mole fraction y and temperature 
T satisfy the pseudosteady equations (2) and (3) and boundary conditions ( 4 )-
( 6). However, boundary condition (7) does not apply any more since the particle 
temperature is variable ; it is repla.ced by 
(23) 
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where p'P, Gp and Vp are the density, specific heat, and volume of the particle. An 
additional equation is needed governing the changing particle shape on account of 
carbon consumption. This is 
8F(9,t) bi 
8.,, == --r(p1 , T~ )u(8, t) ., PP (24) 
t = 0 ; F = F0 ( 8) (25) 
where the shape function F was introduced by Eq.( 1). F0 is the initial value of F, 
bi is the stoichiometric coefficient between grams of carbon and moles of oxygen 
( b1 = 24 if CO is the only product), p,, is the particle density a.nd r is the reaction 
rate in moles of oxygen per unit surface area per unit time. The factor C1(8, t) 
converts a displacement of the surface perpendicular to itself due to the reaction to 
a displacement along OP (see Figure 1). One can easily derive 
[ 1 8F) 2] 112 <.r(8,t) = 1 + (Fae . (26) 
As before, Eqs.(2)-(6) are equivalent to the two integral equations ( 16) and 
(21), therefore the transient problem is governed by Eqs. (16), (22) supplemented 
by (23)-(25). 
NUMERICAL RESULTS FOR THE PSEUDO-STEADY PROB.LEM 
As a. preliminary to the solution of Eqs. ( 16) and (22) it is necessary to evaluate 
the functions G a.nd ~ defined as integrals of the Green's function g and its normal 
derivative i:(Eqs. (18),(19)). Carrying out these integrations yields G a.nd ~~ in 
terms of three complete elliptic integrals which were evaluated by the approximating 
polynomials given in Abramowitz and Stegun(J.972). Next, equations (16) and (21) 
117 
were discretized using the values of the unknowns y, and ~: at 2N + 1 discrete points 
over 0 < 9. < tr and evaluating the integrals by an 8-point Gaussian quadrature. 
By this discretization, Eq.(22) was converted to a system of 2N+ 1 linear equations 
for the values of ~~ at the discrete points in 0 < () < 1f'. This linear system was. 
decoupled from the rest of the equations and had to be solved only once. 
The other integral equation, Eq.( 16), was discretized into a system of 2N + 1 
nonlinear equations( or linear equations for a first order reaction) in the 2N+ 1 un-
known values of y. Thie system contained the unknown surface temperature T, as 
a parameter a.nd was solved in conjunction with Eq.(7) by successive substitutions. 
To this end, Eq.(i) was rewritten as 
j ( qR - ,\ '!) dS = j rj~HjdS 
But on the surface 
a (T )ua 
r = cD ..JL = c00 D oo .....!.. . .JI.. 8n Too 8n 
so that 
( 27) 
Starting from a.n initial guess of T,, Eq.(16) was solved for~ and Eq.(22) gave~~. 
The valu~ of ~ a.nd fn- were introduced into the right side of Eq.(27) to yield an 
improved value for T,, and the procedu".'e was repeated until successive values of T1 
differed by less tha.n one degree. Convergence took 5 to 10 iterations depending on 
the shape of the particle. 
Table I gives the value, used in the calculations. With the exception of the 
ozygen c.oncentration in the free stream, these values were taken from a paper by 
Sahu et al.(1988). These authers had estimated the oxidation rate for shrinking 
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core combustion of a bituminous coal char as 
which yields the value of k:X, listed in Table 1. 
N umerica.l results for the pseudosteady problem are presented in Figures 2~4. 
Figure 2 shows the particle temperature vs. Q00 • At each value of Q00 , various pro-
late and oblate spheroids of equal volume but different aspect ratios a.re considered. 
The temperature varies significantly with Q00 but is insensitive to the shape, with 
the curves for both prolate and oblate spheroids of different aspect ratios essentially 
coinciding. This insensitivity on particle shape seems to be due to the approximate 
cancellation of two opposite effects. Increasing the aspect ratio decreases the local 
mass transfer coefficient on the particle surface, thereby decreasing the heat release. 
The same increase of the aspect ratio decreases the local heat transfer coefficient as 
well, thereby decreasing the heat loss. The sen1itivity of the particle temperature 
to the particle shape may be higher in other operating regions, e.g., at higher gas 
temperatures or oxygen contents where~-:-' effect of radiative heat transfer would 
be more pronounced. It should be further noted that for the set of parameters 
used here(Table I), all particle temperatures shown in Figure 2 correspond to the 
upper( ignited) branch of the usual ignition diagram. 
Figure 2 also shows the normalized reaction rate vs. Q00 for particles of different 
shapes. For any given particle shape, the normalized rate initially decreases with 
increasing Q00 , then levels off and remains constant as Q00 increases beyond 1. At. 
low values of Q00 the normalized rate is equal to the ratio of the surla.ce area of the 
particle to that of a sphere of equal volume. As Q00 increases, the rate ratio falls 
below the ~urface area ratio, and eventually reaches a limiting value as the reaction 
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becomes mass transfer limited. For fixed Q00 , the rate ratio increases significantly 
with the aspect ratio, with the obl~te spheroids yielding higher reaction rates than 
the corresponding prolate spheroids. For aspect ratios between 1 and 3.2 the rate 
for the prolate and oblate spheroids was no more than 20 % and 28 % higher than 
that of a sphere of equal volume. 
Figure 3 shows the surface area normalized with respect to that of a sphere of 
equal volume as a function of aspect ratio for pr.oic.te and oblate spheroids. Oblate 
spheroids have a somewhat higher surface area than prolate spheroids of the same 
·aspect ratio. At the highest aspect ratio of 3.2 used in most calculations the prolate 
and oblate spheroids have surface area. 20 and 29 % higher than a. sphere of the 
same volume. Figure 4 shows the total rate normalized by the total rate of a. 
sphere of equal surface a.rea vs. Ap for different vajues of Q00 • For the whole range 
of Q00 a.nd Ap examined, the rate is within 3 % of the rate of a sphere of equal 
surface a.rea. From the standpoint of the instantaneous total reaction ra.te, therefore, 
a nonspherica.l particle can be closely represented by a. spherical particle of equal 
surface area.. The curves for a few of the prolate spheroids show oscillatory behavior, 
which seems to be due to numerical errors, but in these curves the normalized total 
rate is very close to unity. 
NUMERICAL RESULTS FOR THE TRANSIENT PROBLEM 
The transient problem consists of Eqs. (23) and (24) wit.h the respective initial 
conditions. Eq.(24) was written at M discrete points of 8, 81 = 0, · · ·, 9M = rr /2 
which were more densely distributed at the points of higher curvature, i.e., near 
6 = 0 for prolate spheroids. M was chosen in the range 25 u 50. Each evaluation of 
the right side of these equations required solving the pseudosteady equations ( 16), 
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(22) for y and ~~(giving ~f ). Equations (23) and (24) become increasingly stiffer 
with decreasing Da.mkohler number 'Q 00 because small Q00 implies rapid change of 
shape in terms of the dimensionless time, .,. defined by 
b 'k' )'2 t l oo Yoo 
i= . 
P<XJ Coo Doo (28} 
In view of the lack of explicit expressions for the right sides of the differential 
equat.ions, we could not convenient.ly use a. stiff equation solver. Instead we used 
the explicit fourth order Runge-Kutta method with step size control, decreasing 
the step size a.s integration progressed t,o compensate for the gradually increasing 
aspect ratio. In the calculations reported below, the time increment ~T varied from 
0.1 to 0.01. 
Figure 5 shows the fractional conversion vs. dimensionless time for particles of 
the same initial volume but different initial aspect ratios. The c.onversion curves for 
di~erent aspect ratios are quite dose to each other. For example, the dimensionless 
time to 0.95 conversion changes from 3.1 for Ap(O) = 1 to 2.7 for Ap(O) = 3.2. 
Figure 6 shows the aspect ratio as a function of dimensionless time for pa.rt 1cles of 
differ·ent initial aspect ratios. The aspect ra.tio increases with time for all particles 
~.od this incl'ease acce·lerates with increasing A,_,. Thtts, a particle with initially 
nea.dy spherical shape wi.11 change little during burnout(curve for Ap(O)=l.667) 
while a particle with initial Ap(0)=3.2 will become much more elongated(Ap ~ 4.3) 
when t.he dimensionles.s time reaches 2.5, i.e., at 0.95 con.version. Figure 7 shows 
the evolution of particle temperature during burnout. The temperature transients 
of particles of different initial aspect ratios, but equal volume, nearly coincide. 
Although uot portrayed in Figure 7, the calcula.tions also show tha.t for any given 
i.oitial pa.rtide shape, the transient temperatu.re rapidly approaches and remains 
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close to the pseudosteady temperature corresponding to the instantaneous particle 
volume. 
CONCLUSIONS 
An analysis of nonspherical particle combustion was carried. out using the 
boundary integral method. For particles of equal volume, the pseudosteady tem-
perature is nearly independent of shape, but the combustion rate increases with in~ 
creasing aspect ratio. The local combustion rate varies moderately over the particle 
surface increasing with the distance from the particle center. The total combus-
tion rate depends on the particle surface area alone, i.e., particles of equal surface 
area but different volumes and shapes have the same rate. This dependence on the 
surface area is less than linear, becoming linear only in the limit of low Dam.kohler 
numbers. 
The effect of initial particle shape on the burnout transient was explored for a 
set of parameters typical of a bituminous coal cha.r burning in the shrinking core 
regime, The calculat.ion.~ show the particle shape to become increasingly nonspher-
ical with the progress of combustion and this change to be more pronounced for 
particles with larger initial aspect ratios. For particles of equal initial volume, the 
burnout time decreases slightly with the initial aspect ratio. For example a particle 
of initial aspect ratio 3.2 requires 12 % less time to reach 80 % burnout compared 
to a spherical particle of the same initial volume. 
APPENDIX 
The purpose of this appendix is to estimate the error made by treating the 
quantity cD as temperature independent in the derivation of Eq.(2) from the equa-
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tion 
\J·(cD7y)=O. (Al) 
This l'valua.tion is carried out by comparing the approximate solution with the exact 
solution for a spherical oarticle. In the ca.se of a spherical particle, Eq.(3) can be 
easily integrated to obtain 
.I_ _ [ (T /T~ )!·5 - 1] tr 
1, - i+ I . oo p a (A2) 
·Equations (Al),(4),(5) can now be solved along with Eq.(A2) to obtain the dimen-
sionless surface concentration a.s 
y, = l + Q(l S)(7',/Too) 1 ·$-(T,/T~· 
' (T,/Too)l.S-1 
Yoo (A3) 
The approximate dimensionless surface concentration obtained from Eqs. (2), ( 4) 
and (5) is 
Yoo 
!11,approx = l + Q · (A4) 
Eqs.(A3) and (A4) a.re the exact and approximate solutions to Eqs. (Al) and (3) 
for a sphere. The relative error between exact and approximate solutions is 
ly, -y,,,..ppro1: I= _..2_ 1(1.5).(L/Too)~ -(T,/Too)0.6 -11. (A5) y, 1 + Q (T,/T00 )U - 1 
The quantity 
F(T. /T. ) = 1(1 5) (T,/TCJ:) )1.5 - (T,/TOQ )0:6 - 1 I 
• 
00 
• ( T, IT 00 )1 ·5 - 1 I ' (A6) 
is an increasing function of T, /1"oc starting from zero at T~ = Too and remaining 
small. For example at T,/T~ = 1.4, F(T,/T00 ) = 0.08 and the error is less than 
8% 1 in as much as the factorQ/(Q + l)is less than one. 
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·----------------1-··------~ 
Table I. The parameter values used in the calculations . 
..--------~--~~~----~--~----~--.,.-----·~--~--~--~----·~ 
Physical Parameters 
bulk temperature, T 00 
initial radius of equivalent sphere, R,, (0) 
bulk mole fraction of oxygen, y00 
heat of rea.ction,-~Hr 
solid density, Pr> 
solid emissivity, e 
diffusion coefficient of oxygen at T 00 , D00 
thermal conductivity of gas at T 00 , ..\ 00 
activation energy, E 
heat capacity of gas, c'P 
total molar concentration at T 00 , c00 
1st order reaction constant at T 00 , k~ 
dimensionless time, T 
Values Used 
1600 K 
25 µm 
0.1 
2.32 x 108 J /kgrnol 0 2 
800 kg/m3 
1 
2.80 x 10-4 m1 /s 
5.38 x 10- 2 J /m-s-K 
1 i ,000 cal 
2.5 x 104 J /kgrnol- K 
7.62 x 10-3 kgmol/m3 
0.2119 kgmol 02"m2 .. s-atm 
63. l 35seC Lt 
1...-----~----~---~---~~----~----~------~----------~---·----
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Figure l. Geometry and notation for a nonspherica.l particle. 
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Figure 2. Pseudosteady particle temperature normalized by free stream temperature 
a.nd reaction rate normalized by that of a. sphere of equal volume vs. Damkohler 
number(~:Ap = l.C'J: A, = 1.2.5.~:AP = l.667,o:A, = 2.294, Q:A, = 3.2026 : solid 
lines : prolate spheroids, dashed lines : oblate spheroids). 
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Figure 3. Surface area normalized by that of a. sphere of equal volume vs. ct:·1n··ct 
ratio( solid lines : prolate spheroids, dashed lines : oblate spheroids). 
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Figure 4. Total reaction rate normaliied by that of a sphere of equa.l surface area. 
vs. aspect ratio(":Q00 = O.l,Cl: Q00 = 0.5,~:Q00 = l,o:Q00 = 2.483, Q:Q'XJ = 5 : 
solid lines : prolate spheroids, dashed lines : oblate spheroids). 
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solid linfl!S : prolate spheroids, dashed lines : oblate spheroids). 
131 
5 
0 4 
~ 
ts Q) 
Q. 3 en 
ca 
2 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
t, dimensionless 
Figure 6. Aspect ratio vs. dimensionless time for prolate and oblate 
spheroids(ti-e1:~(0) = l,~:A,(O) = 1.667, o:A,(0) = 2.294, Q:Ap(O) = 3.2026 ; 
solid lines : prolate spheroids, dashed lines : oblate spheroids). 
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Figure 7. Transient particle temperature vs. dimensionless time for prolate and 
oblate spheroids(~:A,,(O) = l,~:A,(O) = 1.667, o:A,(0) = 2.294, Q:A,(0) = 3.2026 
; solid lines : prolate spheroids, dashed lines : oblate spheroids). 
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CHAPTER 5 
CONCLUSIONS 
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A high volatile bituminous coal (Pittsburgh No. 8) was subj~-ted to dcvolatilization 
and oxidation in an entrained laminar flow furnace. Devolatiliz.ation in pure nitrogen was 
carried ou.t at 1200K and. 1600K for residence times of 100 ms, 200 ms, 300 ms and 2 s. 
Devolatilization with simultaneous oxidation was carried out in 1 % Oz-balance nitrogen and 
.5% O,z-balance nitrogen. 
Scanning elcctro,n microscopy shows that the gross morphological features of the 
char continue changin.g during at leas,t the first 300 ms of devolatilization a.t l 600K in pure 
N2. These changes include loss of mass-which is largely completed by the fU'St 100 ms--
rounding of the pm-ti ·,':~ 1s and gradual enlargement of large openings, or blow holes, a.t the 
surf ace. Th.e BET surface area and total pore volume also increase during the first 300 ms 
of devolatil.i.7..ation. 
Devolatiliution was accompanied by oxidation when the coal was treated in 1 % 
(h-N2 or 5% (h .. N2 at 1600K. Even at 100 ms residence time in 1 % oxygen the mass lofs 
was 25% beyond the loss engendered by devolatili1..ation in pure nitrogen. In 5% Ch· Ni 
the mass loss was significantly higher. These results suggest that in pulverized 
combustion, devolatllization and char burnout ovcrla9 significantly. The treatment of these 
two processes as cons.ecutivc. as done in combustion models, is clearly an approxima.tion. 
The variatio·n of surface area with residence time in 1 % Oi ... N2 and 5% Oi-N2 was 
very different from that in pure N2. In the presence of oxygen the swface area increased 
until about 100 ms and then decreased. The decrease observed for times larger than 100 
ms is probably due to loss of micropores by a densification process cataly1.ed by oxygen. 
Oxidation experiments with the thermogravimetric analyzer reve.aled a complex dependence 
of low temperature reactivity (50lYC) on the prior charring history. For chars that were 
prepared in pure nitroge.n, the reactivity increased with the charring residenr.e time at least 
up· to 200 ms residence times. For chars prepared in 02-N2 mixrures, the reactivity 
de<.Teased with the oxygen content in the charting atmosphere--at constant charring time. 
For fixed oxygen level in the charring atmospherct the reactivity decreased with the 
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chamng time. This decrease of the reactivity with the oxygen level and the charring time 
can be attributed to a combination of two factors. One is the densification with loss of 
micropore surface area. The other is the selective depletion of the more reactive part of the 
carbonaceous structure during char preparation. 
Single particle experiments were conducted with an electrodynamic balance (EDB) 
using a CCh laser beam to heat the electrically levitated particle. The particle could only be 
heated to about 900•c beyond which charge loss occurred disrupting the levitation. Char 
particles that had been formed by devolatilization in pure nitrogen at l 200K and l 600K for 
two seconds were heated in pure nitrogen and in air. Heating in pure nitrogen at 900•c for 
up to 20 minutes did not induce any apparent changes in the size or sha;>e of either the 
l 200K char or the l 600K char. In oxidation in air at temperatures below 900·c the 1600K 
char particles reacted at constant size up to 60% conversion. In contrast the l 200K char 
particles underwent significant size reduction under the same conditions. Since in both 
cases oxidation proceeded in regime I (strict reaction control) the shrinkage of the l200K 
char particles can only be explained by densification--loss of micropore volume. 
Moreover, this densification which occurs only for the "greener" 1200K char requires the 
presence of oxygen. 
The phenomena of densification and loss of surface area and reactivity observed in 
the TGA and EDB experiments have significant implications for particle combustion 
models. Existing models assume that oxidation enlarges the pores but does not affect the 
underlying structure or the intrinsic oxidation rate parameters. The results of the present 
experiments suggest that under certain conditions oxidation causes structural changes that 
affect the particle volume, microporc surface area, and intrinsic reactivity. 
In connection with modeling particle combustion a theoretical study was carried out 
to evaluate the effect of particle shape on. particle temperature, rate of combustion, and 
burnout time. For particles of equal volume, the pscudosteady temperature was found to 
be nearly independent of shape, but the combustion rate was found to increase with 
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increasing aspect ratio. To a high degree of accuracy, the total combustion rate depends on 
the particle surface area alone, i.e., particles of equal swface area but different volumes and 
shapes have the same rate. The effect of initial particle shape on the burnout transient was 
explored for a set of parameters typical of a bituminous coal char burning in the sh.rinking 
core regime. The calculations show the particle shape to become increasingly nonspherical 
with the progress of combustion and this change to be more pronounced for particles with 
larger initial aspect ratios. For particles of equal initial volwne, the burnout time decreases 
slightly with the initial a.spect l'atio. For example a particle of initial aspect ratio 3.2 
requires 12% less time to react 80% burnout compared to a spherical particle of the same 
initial volume. 
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